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Abstract

The sitespecific surface interactions afiilh growth mechanisms aidsorption of gold and of
proteinogeniculfur-containing amino acids, i.e.;tysteine and imethiorine, on Si(111)7x7 are studied
for the first timeby X-ray photoelectron spectroscopy (XPS) and Scanning Tunneling Microscopy (STM)
at room temperature under ultrahigh vacuum condition. The results are supportedgeticaledensity
functional theoryDFT) calculations with dispersion correction for biomolecule adsorbset@sovide
precise modeling of the equilibrium adsorption geometries of adsorbates ggHa Slab used akhe
modelSi(111)7x7 surfaceGrowth evolution of gold on théx7 surfaeis found to follow theStranski
Krastanov modestarting with completion of two distinct gold silicide layers to individual gold
nanasland formation.Of special interest is the formatiof two-dimensional slf-assembledjold silicide
honeycomb nanom&ork at 0.76 monolayer coverageroom temperature. Observed for the first fime
this honeycomb nanonetwoik made up of six triangular gold clustéssirroundingeach corner hole)
interconnected to one another at the dimer rows of the Si(111)7xYasebglith thecorner holes of the
7x7 surface exposed, this novel gold silicide template offarsque honeycomb netwo(k nm in grids
size for surface functionalization and a nanopore pattetnrnm in pore size) for moleaur trapping
application.

In analog to common simplaliphatic amino acids, such glycine and alaninesulfur-containing
aliphatic amino acids, cysteine and methionéiibita n fi u n i v etage growdlsequénceeor
Si(111)7x7 surface at room temperature under-aigh vacuum conditionln particular the
biomolecule first anchors to specific dangling bond sites on the 7x7 reconstruction via strongngjeort
covalentbonds through SiN and/or SiS linkages in unidentate and/or bident@tengement of
cysteine adsption, and through $iN linkagein 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 fitmultilayer),both of which are driven by
intralayerand interlayer hydrogen bondingPSstudy of thermal stabilities of these adlayers indicates
thattheseproteinogenidiomolecules can be used to transform a highly reactive Si(111)7x7 surface to
notjust a permanent biorganic surface but also a sepgrmanent (or renewable) and a temporary bio
organic surfaces by manipulating the exposumé the posannealing temperatur®ur results orall the
adsorbed proteinogenic biomolecutesSi(111)7x7 sdace studied to datnable us to construct a

reference XPS data table to guide future studies of biofilm growth on reconstructed Si(111) surface.



TheSTM study of adsorbed cysteina Si(111)7x7 provides strong eviderfoe coverage
dependent adsorptigiructures of cysteine, from bidentate to unidentate attachments-&ssethbled
multimers,which involvesformation of intralayer horizont&E Hi O hydrogenbond as reported iour
XPS study. In contrast to cysteine adsorptiagh-resolutionSTM imaging demonstrateself
organizatiornof methionineinto a novel, stable haped trimewithin a half unit cell on the 7x7 surface
at room temperature, which is driven by hydrogen bonding among the unattached carboxylic acid groups
in a ring configuration.The neaiperfect match of the haped trimer with threfld symmetry within
thehafuni t cel | repr esentnsunmbheer of immoslte csuul papro rctleuds tienma gri

Our XPSexperimentgprovide the primary experimental evidencetfog formaion of covalent bond
between substrate and adsorbates haddasibility of the intralayer and interlaygrdrogen bonding
mediated dimersThey arealso supported byur largescale akinitio DFT-D2 calculations. Using ab
initio DFT-D2 calculations, walso establish a common trend in thdéhd length among different types
of hydrogen bonding@i HE N < Oi HE O < Ni HE N < Ni HE O) for di-molecular structures in the gas
phase. Except for tHé¢i HE N H-bonddue tocovalent bondingf the amino groumvith the surface, this
trend can also be applied to biomoleculabdhding surface interaction. These caltadieresults anthe
observedrendscan be used to predict the adsorption behavior of l&igehemical materialsuch as
peptides and proteins.

The ultimate goal of the present study is to examine the molecular interaction of these aliphatic
amino aails with gold clusters and otheretallichanostructures supported on the 7x7 surfage.have
performedpreliminaryXPS and STMstudeson the molecular interactions of cysteine with three distinct
gold nanassembliesn Si(111)7x7, includind\u monomersanddimers, Au silicide honeycomb
nanonetwork, and Au nanocrystallite filnThese studies shawidentate and/or bidentatending
arrangement of adsorbed cysteivith rather minor perturbation due to the presence of the supported Au
monomes and dimes. On the Au silicide honeycomb nanonetwork, we obs#rgecoexistence of two
chemisorption statemvolving unidentate adspecies throutjie thiol groupinteractionwith Au atoms
andof theamino group with Si atomsCysteineis found tochemisorb viahe sulfur in neutral form on
the supportedu nanocrystallite filnto formthe interfacial layer. TheseSTM/XPS studies are
reinforcing our hypothesis th#te novel gold silicide honeycomb nanonetwork offers a number of

interesting potential applicatiofgr molecular trappingnd biofunctionalization.
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List of Figures
Figure 1.1 (a) Fillegstate and (b) corresponding empgtate STM images (10x10 Ayof a clean
Si(111)7x7 surface obtained at a sample biaaind +2 V, respectively, and a tunneling current of 200
pA. The faulted and unfaulted half unélls are marked by F and U, respectively, in (a). (c) Fdtate
STM image (10x10 nf) obtained at a less negative sample biaslds V shows discernible contrast
between restatoms and adatoms. (d) Top view and (e) side view of the equilibriuradinoes
stacking fault (DAS) model of a SiH4o 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
largescale DFT calculations used as tinodel surface for Si(111)7x7. 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 restatorasg RifybJighted
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 variatdmperature scanning probe
microscope, manufactured by Omicron Nanotechnology, at WATLab and the model surface is generated
by largescale akinitio quantum mechanical calculations using a Xeon computeteclasWATLab.....6
Figure 1.2 Left panel shows a photograph of a typical XPS system, consisting-ohwamcathode, an X
ray anae, and a quarterystal Xray monochromator, sampling position of the illuminatingay
(approximate), an electrostatic lens system, a hemispherical analyzer, and-chsevesitron electron
detector. Right panel shows the corresponding control efécsrof the XPS instrument................. 13
Figure 1.3 (a) An infinitely thick potential barrier where the potential is % fof) and 0 fox < 0. (b)
El ectron wavefunctions for two mahédbepasatedliyr odes
large distance. (c) As the separation between the electrodes becomes sufficiently small, the electron
wavefunctions from both electrodes becarnanected. With the electron wavefunction overlapping each
other, tunneling through the barrier may now proceed especially when assisted by the application of a bias
POLENTIAl AIffEIENCE. ... .. e e e eeeas b e e e e e e e e e e nnaebresenens 15
Figure 1.4 Principle of operation of a STM, whekas\the sample bias voltage between the tip and the
sample and Vis the voltage applied to tlzpiezo. In the constant currémaging mode, this-piezo
voltage is used to adjust the-tipsample separation so as to maintain a constant tunneling current. The
control unit (CU) is used for the feedback 100....... ... 15
Figure 1.5 Schematic diagram of different scanning modes for STM imaging. (a) Constant current mode

where the Piezo voltage (corresponding to the height z) is adjusted to maintain a constatihgunn
Xi



current }, and (b) constant height mode, where the z position (i.e.;peza voltage) is kept fixed and

the tunneling CUrrent iS MEASUIEU. ............ooiiiiiii i e e e e e e e e e e e e eesrrrer e e e e e eeas 16
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 ergibtes of the sample (emgtate imaging). (b) By applying a
negative bias to thsample, tunneling is reversed from the occupied states of the sample to the empty
SEALES OF TN LI eemrr e e e e e e e e e s e e e e e e e e s 18
Figure 2.1 (a) and (B)hotographs of the Omicron mudléichnique UHV system taken from two different
angles. This fivehamber UHV system consists of two molecular beam epitaxy chambers: MBE1 for
low-temperature organic material deposition and MBE2, equipped with a RHEEDsyst high
temperature metal and inorganic material deposition; and an analysis chamber equippednaith a X
photoelectron spectrometer (XPS), a varidblaperature scanning probe microscope (SPM), and a low
energy electron diffractometer (LEED); asIv&s 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,
(TS 0 =T 1)Y= SRR 21
Figure 2.2 (a) The schematic diagram of the sample holder assembly (Omicron User Manual), and (b)
photograph of a Si(111) chip (11x2 mr@.3 mm thick, from Virginia Semiconductor Inc., USA)
mounted on the assembled sample hOIder............oooo e 22
Figure 2.3 (a) Photograph of MBE1 chamber for deposition of bio/organic materiatk, wéms

equipped with four lowtemperature precision effusion cells (two OME and two NTEZ cells), a
guadrupole mass spectrometer, and a cooling water recirculator. The inset in (a) shows a magnified
inside view of the MBE1 chamber, in which the samplesstags 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 crucibé, heating system, evaporant (powder), thermocouple andeeatiéng mechanism.......... 23
Figure 2.4 Photographs of (a) MBE2 chamlzgrdeposition of metals and inorganic materials equipped
with two medium temperature (WEZ) and two higimperature (EFM) effusion cells and a RHEED
system, (b) WEZ effusion cell and (c) EFM effusion Cell............cccooiiiiimemiiiiieei 24
Figure 2.5 (a) Photograph of therxy photoelectron spectrometer, consisting of a@ysource with a
monochromator, and a hemispherical electron energy analyser with amcerigns and an exit detector
systems. (b) Schematic diagram of thea monochromator with individual componentsra§ source
and manipulator, and a quartz crystal mirror monochromator. Tiag Anode, monochromator and the

sample position are apgmoately aligned on the Rowland circle. (c) Schematic diagram of the relative
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orientation of the photon emission direction of the monochromator with respect to the entrance lens
direction of the analyser (i.e. the photoelectron emission directiopph@dograph of an Xay source

(XM 1000MKII) with the short and long filament cathodes, and the alumicoated anode surface.26
Figure 2.6 Photographs of the Omicron-8PM system: (a) SPM chamber with a wobble stick, the laser
electronics for AFM operation, and a camera; (b}SHM microscope outside the chamber; (c) STM
scanner stage with a STM tip; and (d) data acquisition agnmgvith control electronics................... 27
Figure 3.1 STM filleestate images of (a) 0.004, (b) 0.05, (c) 0.20, (d) 0.76, (e) 1.145%) () 1.80,

(h) 2.40, and (i) 3.97 ML of Au on Si(111)7x7 at room temperature, all collected with a sampleibias of
2.0 V and a tunneling current of 0.2 nA. The field of views fer)(and (di) are 50x50 nrhand

100x100 nrfy respectively. The faulttand 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 whicHi the 1/7
fractional spots corresponding to the periodic (7%7) reconstruction are cleadyevi...................... 38
Figure 3.2 (a) XPS spectra of the Au 4f region for different Au coverages on Si(111)7x7 at room
temperature. Solid arthshed lines mark the Au 4f peak positions for the gold silicidgSiand

metallic Au components, respectively. (b) Corresponding peak areas of thg.Aeals for AySi and
metallic Au components (along with their sum, marked as total), and 8f &g, state at 99.3 eV....40
Figure 3.3 Schematic model of the growth evolution of Au on Si(111)7x7 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 secailickie layer

and the formation of metallic AU ISIANAS..........ooiiiiiiiiere e e 42
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)7x7 as a function ekposure time (5 s to 5400 s); and of thelegosited 5400 s cysteine film

upon annealing to 85°C, 175°C and 285°C..........uuiiiiiiiiiiiiee e rmmee e 49
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 exposuré ligels) 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 surfac&nctional groups, and intrand interlayer interactions for the interfacial layer,

Figure 4.3 (a) Filledstate and (b) corresponding emgtate STM images (45x45 Anfor a 3 s exposure
of cysteine on Si(111)7x7 obtained with a sample biaRa@nd +2 V, respectively, and a tunneling
current of 200 pA, witmagnified views (7.2x7.2 minshown in insets; and corresponding LDOS
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profiles along longliagonals [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 geometrgysteine molecule
adsorbed through™NH and $H dissociation on adjacent center adatoms across a dimer wall gRqSi

slab as obtained by DFT calculation (Appendix B). Cysteine molecules in the faulted (FHUC) and
unfaulted half unit cells (UHUC) araarked by up triangles and down triangles, respectively. The
separation between two adjacent center adatoms across a dimer wall is.0.Z.nm....................... 55

Figure 4.4 (Color online) (a) Empstate STM image (30x30 rijrof a 25 s exposure of cysteine on
Si(111)7x7 recorded with a sample bias of +2 V and a tunneling current of 200 pA; magnified images of
a bidentate cysteine molecule at (b) (A G6) and ( c) (b6 medi@tadddimers formes s ; H
from different unidentate cysteine molecules in (d}CA in faulted half unit cell and (e) in unfaulted

half unit cell, (f) AACA, () CACAOG (across t he dAAe;r-assadgdd €ysieineand ( h)
trimers in (i) CAAA-CAand () CACA-CAd sites on Si(111)717 surface.
long-diagonals (m) L2 for monomer in (c), (I) L3 for dimer in (g), and (k) L4 for trimer in (j), all

compared with the LDOS profile L1 of the gacted unit cell in (2)..........ccvvviiuiiiiiiiicreeeeeeeeeeeee, 58

Figure 4.5 (a, b) Top views and (c, d) perspective views of equilibrium structures of cysteinerd{mer

¢) CA-CA and (b, d) CAAA sites on a ShoHse Slab (used as a model Si(111)7x7 surface), as obtained
from the DFT calculations, superimposed onto corresponding magnified-etafgySTM images in (a,

b). Si adatoms are highlighted by larger yelltreles for clarity...........cccocvviiiiccneeeeeee, 60

Figure 4.6 STM emptgtate images collected at a sample bias +2 V and a tunneliegitcof 200 pA

for cysteine exposures of (a) 5°s, (b) 10 s, (c) 20 s, and (d) 60 s on Si(111)7x7 surface; and (e) lower
panel: the corresponding total coverage (Cov.) and the relative surface concentrations for monomer (M),
dimer (D) and trimer (T) configations, middle and upper panels: various type of respective M and D
CONfIQUIatioNS ON Si(L11)7X7 SIEES......uuureeeeeeeeiesieeemaset e e e e e e e s s e ree bbb e e e e e e e e e e e e annnsnenaaneeees 62

Figure 5.1 Evolutionfo(a) O 1s, (b) N 1s, (c) C 1s, and (d) S 2s XPS spectranudthionine deposited

on Si(111)7x7 as a function of exposure time and of thiepesited 2408 film upon annealing to 85°C,
175°C and 285°C. XPS data are fitted with individual componerniid (s®) corrected with a Shirley
background (AOEEA lINE).......ooeeeeee et eaaeeas 73

Figure 5.2 Threatage growth model of-inethionine on Si(111)7X&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 EIFZ calculations using a

supercell othree 7x7 unit cells, each of which is represented by,gH%j slab, to model the 7x7 surface.

Magnified sideviews show (a) a methionine molecule adsorbed on a Si center adatom, (b) an interlayer
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NE Hi O H-bond between molecules in the interfacial aadsitional layers, and (c) an additional

interlayer GE Hi N and GE Hi O H-bonds between the transitional layer and zwitterionic layer, and

intralayer zwitterionic hydrogen bonding i N H-bond). For clarity, only the topmost layers of Si
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Chapter 1

Introduction

1.1 Surface Science

The field offisurface sciem e 0 p runderstachdingf 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 histohieally to t
18" century, wherihe properties of oil monolayers on water surfaces were first studied by Benjamin
Franklin in 1774. The explosive development of the field of surface science has been driven by a series
of key events. It is quite obvious that the invemi@md development of a wide range of surfsessitive
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 inteirfsices. F
the development of ultrahigh vacuum (UHV) technigiines attain pressure from 1@ 10 Torr in the
late 1950s has enabled preparation and maintenance of clearcsystge surfaces to keep them
uncontaminated for a sufficiently long periodtiofie 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 mefftasecond major
event in surface science occurred in the 198@stve invention of scanning probe techniduest
propel scanning tunneling microscopy (STM) and atomic force microscopy (AFM) as the only techniques
capable of studying surfaces and interfaces with atomic resolution forghiénfie. 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 nascience

I ndeed, we can recognize the power of fAsurfaces
life. One of the most powerful motivations for surface science is the goal of understanding catalytic
reactions, which dated back to 1823entDobereiner studied combustion of hydrogen and oxygen on a
platinum surface, acting as a catalyst, at room temperatNmvadays, thecanning 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 proce$stsother 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 mannfaof semiconductor devices

and appliances that greatly improve the quality of’lffdn recent years, new opportunities in surface
science have led to the development of biosurfaces and biointerfaces, which rely on functionalization of
singlecrystal metal or semiconductor surfaces \bithchemicaimaterials. Fundaméal 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 generallydsegorized into two types: (a) weak, noncovalent interactions that result in
molecular seHassembly on singlerystal metal surfaces, and (b) strong, chemical binding commonly
found between adsorbed organic components and semiconductor siftfacedesign new

semiconductor devices, silicdrased bio/nano sensors, nanopatterning templates, and molecular
electronic devices, strong and selectitiernical binding of organic/bio materials on semiconductor
surfaces is practically required.

1.1.1 Surface Chemistry of Silicon

Of all the semiconductors, silicontise most prominent material not only in both microelectronics
and nanoelectronics applicationsi lalso as the support/substrate for nanolithography and other
applications. Among the advantages of silicon are htgmperature stability, high chemical resistance to
acids and organic solvents, and wedtablished bonding process. In the diamond structure of crystalline
silicon, one 2 orbital and threeRorbitals are hybridized to form fosp’ orbitals, which bond to four
nearest neighboring atoms with a separation of 2.35 A in a tetrahedral configuration and with a bond
strength of 226 kJ/mol. Depending on how the bulk is trunceseth silicon atom at a specific surface
plane could have spare electrons in-bondingsg’or bi t als referred to as fidan
reduce the number of dangling bonds and the surface energy, the atoms at the surface reconstruct into a
wide variety of norideal 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 S6i bonds for each surface sdit 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)2x1 reconstruction with parallel rows of silicon dimers, which was first probed by
usinglow-energy electron diffraction (LEEver five decades ad8.Each suréice dimer contains a

st r ebnogn di a n d-boad, anckiteekhibifs 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)2x1 surface hasrmmodynamically 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 temperatur€. As a result of an etgrophilic downSi-atom and a nucleophilic pi-atom for a
surface silicon dimer, there is an electronic charge transfer from theatomwrto the ugatom, which
causes the addition of zwitterionic character to the Si(100)2x1 sdffate surface interaicins
between organic/bio materials and Si(100)2x1 can be categorized into three different types of reactions:
(a) dissociative addition reactions found for acetonitfiemiline,* benzenethiol and diphenyl disulfide,
ethanot® and formic acid/ (b) dative bonding for trimethylamiffeand Nmethylpyrroldine® and (c)
cycloaddition reaiion for cyclopentene, ethylene, acetylenggyroline and pyrroliding®
benzaldehydé' trans2-butene, and ci8-butene®
On the other hand, each silicon atom of the Si(111) suiadeavage face of silicon for which the
covalent bonds along [111] direction are c8tmple counting of the number of broken bondggests
one dangling bond for each silicon surface atom, which is energetically favored to be oriented
perpendicular to the surface. The 2x1 reconstruction of Si(111) has been observed at low temperature
after cleavage in UHV condition by SFR&and LEED*whi ch was descr i-borgled by Pan:i
chain modef® Perhaps an even more famous reconstruction of the Si(111) surface is the 7x7
reconstruction, which has been prepared at high temperature after cleavage in UHV condition. The
Si(111)7x7 hakeen regarded as one of the most important;ovelld er ed fAperfecto t empl

science for many decades.

1.1.2 Si(111)7x7 Surface

Since the discovery and investigation of the Si(111)7x7 surfaSeljerandFransworthat the end
of the 1950s usingEED method® the 7x7 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)7x7 surface was imaged in real space with atomic resolution irf?Lg88thermore, atomically
resolved AFM has also been used to study this suffathese studies confirmed for the first time the
generally accepted dimadatomstacking (DAS) fault model, first proposed by Takayanagi after
evaluating intensity digbution of the spots in transmission electron diffraction patterns along with
LEED results obtained in UHV conditiGh?°

Figurel.1la andFigurel.1b show highresolution filledstate and corresponding emystyate STM
images of pristine Si(111)7x7 surface obtainea s&nple bias of 2 V (so-called filled-state STM
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image)and +2 V(so-called emptystate STM imageYespectively, athwith a tunneling current of 200
pA. These images are acquired with the sample held at room temperature using theteanjzdriagture
STM sydem inthe Waterloo Advanced Technology Laborat@iyATLab). 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 infilted -state image obtained with a negative bias
voltage are brighter than those in the unfaulted half unit cell due to the presémestacking fault
(Figurel.1a), while the protrusions in both faulted and unfaulted hatfaetls in the emptystate image
obtained with a positive bias voltage have the same brightRiges€1.1b). The existence of 12 bright
protrusions are very obvious in both fillsthte Figurel.1a) and emptystate Figurel.1b) STM images
of the Si(111)7x7 surface. Each protrusion corresponds to one of 12 silicon adatoms of the unit cell. At a
sample bias df2.0 V, the silicon restatoms are not observed in these imégesless negativeample
bias of- 1.5 V, the corresponding fiid-state STM image so obtaineglzeal discernible contrast between
adatoms and restatoms, particularly with the lower intensities corresponding to restatoms located at the
centers of three aaigent adatomdg-{gurel.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 voltag®.

Top and side views of the DAS model of the lalggdayer unit cell structurecbnsisting ofa 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 laydor the Si(111)7x7 reconstruction are shown schematicalfguarel.1d
andFigurel.le, respectively. The model is obtained by Issgale akinitio 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 consistsvoftriangular half unit cells, one with and
another without a stacking fault referred to as
respectively. The 7x7 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 corn@n@ulusin Latin) adatoms (AAs) and three centegrftrumin Latin)
adatoms (CAs) on each of the faulted and unfduiedf 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 dardgiog bon
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.



As a result of the 7x7 surface reconstruction, the silitoms are categorized into corner adatoms,
center adatoms, and restatoms, each with its own characteristic local electron density of states. In
particular, eacladatom has a formal charge of +7/12, while both the restatom and the corner hole each
has a fomal charge of 1.3%** As each AA is surrounded by only one adjacent RAevkich 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 CA in the STM imageHjgurel.1a). Because of the existence of
both electrophilisites (i.e., AA and CA) anducleophilic sites (i.e., RA), Si(111)7x7 is a fascinating
surface with danghg bondslocatedat avariety of sites with different reactivities and selectivities to
interact with incoming multifunctional orgariio molecules. Furthermore, based on the DAS model of
Si(111)7x7 obtained with DFT calculatiormsdangling bond pair between adjacent @issian be
categorizednto the followingtwo groups with their respective separations between two Si atoms
indicated in parentheses
(A) Two Si siteswithin a half unit cetl CA-AA (7.72A), CA-CA (7.66A), CA-RA (4.55A), AA-RA

(4.46A), andAA-corner fole (8.25A); and
(B) Two Si sites across tiémer wall of adjacent half unit cell€A-C A (6.774), AA-A A 6.71A),
andCA-AA6 (A)D. 25

We use a prime symbtd denotea substrate atom in the adjacent half unit c&lhese sitdo-site
separation provide a set of natural metrics for myldint 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) Filledstate and (b) corresponding emgtate STM imagesLPx10 nnt) of a clean

Si(111)7x7 surface obtainedasample bias 6f2 and +2 V, respectively, and a tunneling current of 200
pA. The faulted and unfaulted half uniéls are marked by F and U, respectively, in (&) Filledstate

STM image (1810 nn7) obtained ahless negativeample bias of 1.5V shows discernible contrast
between restatoms and adatoms. T@p view ande) side view of the equilibrium dimeadatom

stacking fault (DAS) model of a SiHag cluster €onsisting of dop adatom laye@ restatom layer, a

dimer bilayer, a bassi layer, anda layer ofH atomsused for terminating the base Si |gyebtained lp
largescale DFTcalculations used asd¢hmodel surface for Si(111)7xThe sizes of the spheres used to
represent te Si atoms are smalleritv increasinglistance from the surfa¢the top adatom layer). The
adatoms, both corner adatoms (AAs) and center adatoms @alherestatoms (RA) are highlighted

by larger yellow andjreen circles for clarity, respectivebA prime symbols usedo denotea substrate

atom in the adjacent half unit celllhe dangling bonds on the top of adatoms, restatoms, and corner hole
are identified in (e) All STM images are collected by using a variatdmperature scanning probe
microscope, manufactured by Omicron Nanotechnology, at WATLab and the model surface is generated
by largescale akinitio quantum mechanical calculations using a Xeon computeteclasWATLab.

Faulted (F) Half



1.2 Adsorption of Metals on Si(111)7x7

The formatiorof metatsemiconductor hybrichaterials and their novel propert@® strongly
dependat onthe chemical interactions between the meegositandthe semiconductosubstrate Since
its discovery, Si(111)7x7 surface has attracted much atterfiostudying the adsorption of various
metal materials becauseitf directional dangling bonds for anchoring and supporting adssslaatd its
electronic properties fdsuilding hybrid properties To date, a very broad range of metal materials

includingunivalent group 1A metals (Li, Na, K, and G&§*3>3¢

trivalent group IlIA metals (Al, Ga, In
and TI)*"*#394%v/||B group metals (Mn}** 3d ferromagnetic group VIIIB metals (Co, Fe, and
Pt),*344454647 |B group metals (Cu, Ag, and Afj*9°051525334555657 hivalent group 1B metal (Zrf and
tetravalent group IVA metals (Ge, Sn ,and,BBJ*° on Si(111)7x7 surfaceals been investigated by
various surfacesensitive analytical techniques andiaitio quantummechanicatalculations. Thee
studiesindicate that th 7x7 surface provide a powerful versatile platform to develop a wide range of
potential technological gications from nexgeneration nanoelectronittshanocatalysis.

Among these metals, goislthe besknownnoble metabecause of itgery stablenonreactive
metalic properties. Sincehe first reporbn aAu/Si interface at room temperatwsemefour decades
agqelthe Au/Si(111) interface has been investigated by a wide range of ssefacegechniques?
including morerecenly Auger electron spectroscafiysynchrotroaradiation photoemission
spectroscopy* andhigh-resolution medium energy ion scatterfigocusing orthe growth, atomic and
electronic properties of Au/Si interface for both fundamental and technolagiadss. In spite ofthese
efforts,the growth evolutiorof nanofilmsand layes of critical-thicknesgor the StranskiKrastanov
growth mode for goldilicide onaclean Si(111) surfacat room temperature remains largely unexplored.
Many of the intriguing questions, fundamental and otherwise, could be addressed by a complementary
threepronged approach that combines the chenrstzbecompositionand suface bonding information
obtained from XPS, and the si#pecific localdensityof-state imaging information from STM, with

molecular models generated by lasgmle akinitio quantum mechanical calculations.

1.3 Adsorption of Organic/Bio Molecules on Si(111)7x7

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 biomoleculeased electronic devic€¥"*®*° Organic functionalization of Si(111)7x7
surface habeen reported fasrganic molecules, with nitrogesontaining functional group (amines and

amides) such as dimethylamiffegyrrole,* N-methylpyrrole’” methylhydrazin€? trimethylamine'® and
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acetonitrile’ and oxygercontaining functional groups#rboxylic acids and alcohols) connected to an
aliphatic backbone or an aromatic ring struc(lnenzene and their derivatiyesich as methacrylic
acid® acetaldehydé& geranyl aceton&,phenol’® cyclohexen€? andpyridine® Amongthesurface
sensitive analytical techniques, STM is a very powerfoll toprobeadsorbatesurface interactions
particularlysite-specific chemistryon Si(111)7x7. Based on STM observation of organic molecules with
different functional groupshemisorbean both the nucleophilic and electrophilic sitéshe 7x7

surface the interactions can be categorinet four different types of reactiongl) [2+2}ike
cycloaddition or di binding (2) [4+2}like or Diels-Alder cycloaddition (3) covalent attachmentié
dissociative chemisorptiondnd (4) dativebonded addudbrmation An early STM study of acetyletle
and ethylen® adsorption Bowsa diti bonded product.€., a[2+2]-like product)bridgingthe pair of
adjacent Si adatomestatom sites. Furthermore, similar faur b o n d e dwitlp twaneéighbotirg
adjacent adato-restatonpairshave been repatl for veralchaindienessuch as 1&eptadiene, 1;7
octadiene and 1, #&tradecading The [4+2] cycloaddition reaction has been observediisaturated
hydrocarbon (1,®utadiné®) at adatorradatom pairswhile aromatichydrocarbos (benzen&®%"#8 and
toluen&®), aromatic heterocycles (thioph&t8), and DNA base (thymirid are foundat adjacent
adatorarestatom pairsboth byusing highresolution STM imaging TheseSTM studies showha the
center adatom has more opportunity to redttt organic moleculethanthe corner adatom. Moreover, a
wide range of covalent attachment from nitreftgle radical¥ and aromatic molecules (pyrrdlte
naphthalené® tetracencg* and pentacendd to biomoleculessuch as aminacids (glycin€® alanine®’
and cystein®) and peptide (glycylglycind), havealsobeeninvestigaed bySTM, whichshow thathe
adjacent or individuahdatomrestatom pairscouldreactto form the d-bonds. In arecent STM study,
donating the lorwpair charge density of the N atom to the Si atmuld lead tadaive bonding in one of
DNA basemoleculegadeniné®). In contrast talirect bonding of thaforementionedeutral organic
moieties to various Si surface sitesisorption and patterning of zwitterionic moleciflims on the
Si(111)7x7 surfackasalsobeeninvestigaedby STM imagng.***

Among the met fundamental biomolecules, amino acids and nucleotides are the basic building
blocks of the larger biological materials such as proteins, peptides, and DNA&mino acids found in
proteins argenerallyclassified according to thestructures(a) diphatic amino acids, including
monoaminemonocarboxylic acids, monoamkialicarboxylic acids and their an@d, basic amino acids,
and sulfir-containing amino acids; (b) aromatic amino acids; and (c) heterocyclic amind®acidgha
amino acids are biorganic molecules containingcarboxylic acid {COOH) group and an amir{o

NH,) group, which are separated by at least one carbon seddrearbpn). There are twenty different
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standard amino acids (NE,HRCOOH), which differ from one anothdsy aunique functional group in
the sidechainRgr ou p) at t-eaddneAdsorption ot atiphaticthmino acids (glycifEg; %1%

alaninet?®10#108109110LL o1 taic aci

é13120,121

dHAH3AIS g lysiné'®tt 118 sulfurcontaining amino acids

(cystein and methioning>23124123128 "gromaic amino acidstyrosing’*?%, and heterocyclic
amino acidsgroline”****% on various welbrdered singlerystal metal surfaces in UHV condition have
attracted much attention in surface science and nanotechnology in the two past dEuadermation
is important not onlyo understanding fundamental interactions of latgechemicamolecules guch as
proteins and peptides), but atedabricating bidgnancdevicesfor biomedical serieg and molecular
electronics.The development of fute hybrid organiénorganic interfacealsocritically depend on
understandinghe nature of the substrate surface padicularly the type ofivailablebonding
interactions that are responsible fwoducingstable chemical states of amino acatsgultimately for
controllingthe orientation, conformation, and twiimensional organization of thmo-organic adspecies
ontheinorganicsurface.

Our recent studies in WATLab have focused on the surface chemistry of organic components and
biochemicamaterals, including DNAbases (thymirté and adenin8%, peptides ( glycylglycirfé®3?),
and the simplest amino acids (glyciié**>**3 and alanine). Furthermore, our group has studied the
surface chemistry of a series of aliphatic organic molecules, including gieactdoroethyleg™*
dibromoethylené?® acrylic acid and propanoic acitf,allyl alcohol and allyl aldehyd€” allylamine*®®
ethanolaminé®® acetic acid’® 1,2 dihalogenated benzen¥stoluene and berené*?on Si(100)2x1
surface, ad 1,%difluoroethylene;*® monochloroethylene, dichloroethylene, perchloroethylene and
trichloroethylené %> acetic acid;*’ andtetrachloridé*® on Si(111)7x7 surface using XPS, STM and
abrinitio quantum mechanicaimulatiors. 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 pasyatiesiby
our group set the stage for the present study on more biologically important multifunctional materials,
including sulfurcontaining amino acids (cysteine and methionine), with a special focus on the reactivity
and selectivity of different funanal groups in these benchmark proteinogenic biomolecules towards

specific sites on the Si(111)7x7 surface.



1.4 Molecular Interactions of Biomolecules with Metal Clusters Supported on
Si(111)7x7

Understanding the adsorption features and molecular interactidnicorganic molecules with
metal superstructures (clusters, templates, nanocrystallites) on a semiconductor surface is important to
developingpotential applications irolving hybrid bicorganiemetal interfaces fdbiosensors and
biomolecular electnaic 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 surfa@e notable studyasfocussedbnic o ads or pti onodo of
L-cysteine on rutile Tig{110) by XPS-*® When L-cysteine is exposed to gold clusters on{1@0),
cysteine was found to interact with both gold deposits and the substrate surface (likely at the defect sites)
through the thiol goup with the formation of IAu and $ Ti bonds, respectively.

As one of two sulphucontaining standard amino acids, cysteine is especially interesting because it
contains thredunctional groups: amind NH,), carboxylic acidi{COOH) and thiol {SH) graips, which
provide a wide variety of bonding possibilities and configurations with the surfiateis context,
understanding the adsorption and molecular features aiogswithgold nanostructures supported on
silicon surface is fundamentally intetieég). While there is a large volume of work on the adsorption of

Cysteine on Au Surfacg.gZI.2Zl..150.151.152.153.154,155156157

and one recent complementary study of eyt on
Si(111)7x7°® molecular interactionsf cysteine with Au nanostructures and nanotemplates supported on

Si(111)7x7 surface remain challenging and unexplored.

1.5 Methodologies of Surface Sensitive Techniques

A number of different surface analytical techniques have been used in surface scieraerstand
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. @fthe technologies that have been developed to study the surfaee, 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 strictgee electron
spectroscopy (AES), photoelectron spectroscopy (including XPS and ultraviolet photoelectron
spectroscopy or UPS), highsolution electron energy loss spectroscopy (HREELS);edeger Xray
absorption fine structure spectroscopy (NEXAFSY secondary ion mass spectrometry (SIMS) are the

common surfacsensitive technigues to acquire elemental and chesstiggd composition and chemical
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bonding information about the surface and adlayers. Among these surface analytical methods, surface

sensiive 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 quandita@nd qualitative) chemicatate
composition, and electronic structural information of the surface. Not only is XPS a very useful surface
sensitive technigue to measure elemental composition, empirical formula, oxidation state, and electronic
state forinorganic materials, it is also very powerful in the analysis of organic layers. Among the many
fundamental discoveries made in the early years of the@ftury was the discovery of the photoelectric
effect. XPS technique is based on this importéete first explained byinsteinin 1905 using
Pl anckdés quantization of energy, and -shells | ater de
chemical shifts byBiegbahrand coworkers in 1957° The minor displacement of a celevel photoline
in a photoelectron spectrum as a result of changing local chemical environment (or therostdetiois
known as the chemical shift. In a photoelectric process, an electron is ejected from an occupied energy
level of the material, upon absorption of ammay photon of energly 3 The Xray photon can be
generated by high energy electron excitation of a metal target;(aseemissions of Mg and Al at
1253.6 eV and 1486.6 eV, respectively) or from a synchrotron radiation source. The kinetic egergy (E
of the emitted electres depends on the energy of the exciting photons thriegBinstein equation

Ex=h 3 (Ezs+W) (1.1)

where g is the binding energy of the electronic energy level of the electron before jelotitre

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 wdtknction (i.e.h 3 W) can be used to generate photoelectrons. The

Fermi levelcorresponds tthe highest energy level occupied by an electron in a némedllic) solid at
absolute zertemperature Schemel.1 depicts the photoemission jgess, in which a photoelectron is

ejected from th& shell (i.e. 1s energy state) of an atom (in a molecule), upon absorption of a photon.
The binding energy of a cetevel photoline, along with its chemical shift, can be used to provide unique
signatureof 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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Schemel.l Schematic diagram depicting ejection of the 1s electron as the result of absorption of an
incident Xray photon.

A typical XPS instrument systeimcludes amonochromatized Xay source, an electron energy
analyzer, ad an electron detector, and one such commercial instrument is shBignri@l.2. Our XPS
experiments are conducted under UHV condition to avoid contamination of the sample, and to minimize
unwanted collisions of the photoelemts with residual gaseous particles during transport from the
sample through the analyzer to the detectorayé are generated by impinging a higiegy electron
beam of ~10 keV kinetic energy onto an anode target (made of Al or Mg), and the readittige
decay via Xray emission leads to-Kay photons with weltlefined photon energies specific to the target
material. Although the Xay photongenetrate the sample to a ttepn the order of a micrometehngt
XPS spectrum contains infoation onlyabout the top 1000 A of the samplelue to the limited inelastic
mean free paths of the photoelectrons in solids. Furthermoreyanifonochromator, consisting of one
or more quartz crystals, provides the best way to produce a monochromatagthédm because the
guartz monochromator system diffracts Bremsstrahlung<-ray radiation and removes thatellite lines
of X-rays The sample area illuminated by the monochromatizeaiy>ream is usually less than a few
milimeters in diameter. The photeetrons generated from the sample surface are collected by an
electrostatic lens system, and &veussed onto the entrance slit of the electrostatic hemispherical energy
analyzer. The hemispherical energy analyzer consists of an inner and an outetricdmemispheres
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 syste An array of electron multiplers (channeltrons), each of which amplifies
a single electron by a factor of®/& used as the electron detector to register the number of

photoionization event§?

Instrument control

__Yyomicols

Hemispherical .
__analyzer

Figure 1.2 Left panel shows a photograph of a typical XPS system, consisting cf@ancathode, an
X-ray anode, and a quaitzystal X-ray monochromator, sampling position of the illuminatingay
(approximate), an electrostatic lens system, a hemispherical analyzer, and-ehsevesitron electron
detector. Right panel shows theremponding 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 processds)gnoformation about
surface topography, film growth, electronic and vibrational properties, as well as molecular manipulation
at atomicresolution. Developed by BirmiRohrer, and Gerber in the early 1980s, STM has used the

13



concept of quantum mechaal electron tunneling to open new door into the nanoworld of surface atoms
in real spacé’®*

STM is an example of practical exploitation of a strictly quantum mechanical phenomenon, i.e.
guantum mechanical tunneling. Quantum mechanical tunneling involves the penetration of a potential
barrier by an electron wavefunatio 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 exporiémiierse decay length K (in
A™) given by:

K=@2m)Y( 2m)'%8 0.%81( «) (1.2)
where m is the electron mass, h is the Planck constant @meV) is the effective local work function
(Figure1.3b). If two such wells are brought suffiitly close together (about 4A) and a potential V
applied between them, then overlap of the electron wavefunctions permits quantum mechanical tunneling

and a current will flow across the gapHigure1.3c). The magnitude of thenneling current is given by:

| ® exp(2Kd) (1.3)

where d is the separation between the electrodes. For exarhpieyw4 eV,Kd  8A'' 1?4 7thisA
means tunneling current will reduce by 7.4 times per A. Whiléiphie positioned two atoms away (i.e.,
d &3 A, assuming a hypothetical atomic diameter of 1 A), it will detéif less current than when
positioned one atom away (i.edd. A). 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 schematicallignire1.4. Piezeelectric elements ar
used to provide the tip movement at great precision. By employing appropriate voltaggsefioas
used to adjust the tifp-surface separation, while tke&ndy piezos provide scanning in the two lateral
directions. The resolution of the STM deds 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 Vxor 0 and 0 fox < 0. (b)

Electon wavefunctions for two metal electrodes 1 and 2 withr k f u;@ @ thiseparated 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, tunnehg through the barrier may now proceed especially when assisted by the application of a bias
potential difference.

Z piezo

X piezo
y piezo

tip

Tunneling l
current

Figure 1.4 Principle of operation of a STM, wherg ¥ the sample bias voltage betwebka tip and the
sample and Vis the voltage applied to tlzpiezo. In the constant current imaging mode, thpgezo
voltage is used to adjust the-tipsample separation so as to maintain a constant tunneling current. The

control unit (CU) is used fahe feedback loop.
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There are three basic modes of operation: constangént imaging, constatieight imaging, and
spectroscopy modes. In both imaging modégure1.5), the tip is brought close to the surface (a few A)
and apotential 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 constamteade® of operation
(Figurel.5a), the tip is broght close enough to the surfatea convenient-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 tpezo voltage and therefore thepsration 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 1 to trace out the topography of the surface at an essentially constant electron density of
states. A plot of d (or the@ezo voltage) versus the x and y coordinates of the tip provides a map of the
physcal topography of the surface.

(a) (b)

Scan Scan

SN 2

L}
Y

X X

Figure 1.5 Schematic diagram of different scanning modes for STM imaging. (a) Constant current mode
where the Piezo voltage (corresponding to the height z) is adjusted to maintain a constant tunneling
current |, and p) constant height mode, where the z position (i.e.,4biezo voltage) is kept fixed and

the tunneling current is measured.

Alternatively, in theconstant height modé&igure1.5b), the tip is scanned across the surface at

nearly constant height obtained by using an appropriately selegtieda 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 maintair@atstant. 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-s&mpleltage. 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 tn determined by the spbint for the tunneling current. For a small separation, the
tunneling current sqtoint value will be large. Typically, the tunneling currergass in the range 10 pA
1 nA. For values much greater than 1 nA, there is an asae risk that the tifp-surface interactions
will become strong enough to change the surface morphology, depending on the nature of the sample.
Furthermore, the thinduced damage to the surface can also be quite severe. It is therefore important to
sd 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 imagbe 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 whamn imagi
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, alteratiamthie 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 voltagimiained, 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 straaifia surface with atomic resolution,
facilitating detailed studies of local, sispecific 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 locd electron density of states spectroscopically with STfure1.6 shows a hypothetical one
dimensional system. When the tip potential is negative with respect to the sample (by applying a positive
sample bias voltage), elea®tunnel from the occupied states of the tip to the unoccupied states of the
sample Figurel.6a). On the other hand, when the tip potential is positive with respect to the sample (by

applying a negative sample bias voltagegctbns tunnel from the occupied states of the sample to the

17



unoccupied states of the tigiure1.6b). Since states with the highest energy have the longest decay
lengths into the vacuum, most of the tunneling current ariegsdiectrons 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, complementargtateptpages and

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

adsorption moieties.

(a)

O

Tip Sample

Tip Sample

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 ergibtes of the samp(empty-state imaging). (b) Bgpplying a
negative bias tthe 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-salitaining
amino acids (kcysteine and imethionine) on the Si(111)7x7 surface, with the ultimate goal to examine
the molecular interaction of these aliphatic amino acids with gold clusters and other nanostructures
supported on the 7x7 surface. Using the tpreeged approach of combining chentistate
information provided by XPS and the s#ipecific local densitpf-state images from STM with large
scale quantum mechanical modelling, we seek to investigate their detailed growth-angasetation
mechanisms, particularly sigpecific surfae chemistry on the 7x7 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)7x7 surface and the basic printi@dsvof
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 limgdhne adsorption of these adsorbates @booHao
slabused as a mod&x7 surface The experimental and theoretical results are given in the next four
chapters. In particular, Chapter 3 pres&Wt/XPS study of growth evolution of Au on Si(111)7x7
from single atom to clusters to selfganized honeycomb nanostructures to nanocrystallites and finally
nandilms in the StranskKrastanov mode These STM result$liistrate, for the first timethe intriguing
surface dynamics antlé formation oBelfassemiied 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-targle DFT calculatinsfor the early growth sige up

to the formation of the first gold silicide laye€hapter 4 and Chapter 5 describe the adsorption and
thermal evolution of two sulphtgontaining standard amino acidscysteine and tmethionine,
respectively. The results found for these amicidsafit the universal threstage growth mechanism that
we hypothesize based on the XPS and IDEZTdata that we obtain from five benchmark proteinogenic
biomolecules on the 7x7 surfac®oreover, the sitapecific adsorptio of L-cysteineon Si(111)7x7
surface at low exposure as observed by STRlsspresented in Gapterd. These STM results show, for
the first time, the formation of novel sedfganized Y¥shaped trimer of imethionine, which we propose
as a plausuiumber ¢ malgi stSi€lll)787wispiroCGhapterdehapter Gresents a
preliminary study orthe molecularinteradions of cystene withthree distinct gold nanodeposits on
Si(111)7x7, including single/dimer Au adatoms, Au honeycomb-nahoorks, and Au nanocrystallite
film that are obtaineat different growth stages of Au. Finallthe summary and futumitlook of the
present work argiven in Chapter 7. Appendicés B, andC 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 custonit, multi-chambermulti-techniqueultrahigh
vacuum system (Omicron Nanotechnology, Inghpwn inFigure2.1. This system consisted of an
analysis chamber foX-ray photoelectron spectroscopy (XPS) for chermgtale composition and depth
profiling analysis, scanning tunneling microscopy (STM) for atemagolution imaging, and low energy
electron dfraction (LEED) for determination of surface structuréso molecular beam epitaxy (MBE)
chambers for inorganic and organic materials deposition, one of which is equipped with a refiglation h
energy electron diffraction (RHEEBYstem for irsitu growth monitor otrystalline materiatsa fast
entrylock (FEL) cnamber 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 1xf@nbar, while that in the FEL chamber, the cetitansfer chamber, and
the analysis chamber were better than 2.17x20x10" and 1.6x13" 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 insidéth a cooling shroud that, when filled with liquid nitrogen, acted as
an additional cryogenic pump during MBE material growftingle side polished 1#type Si(111) chips
(11x2 mnf, 0.3 mm thickfrom Virginia Semiconductor Inc., USA), with a resistivify®. 005 q ¢ m
were used as the substrafimsall the experimentsThe precleaned 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 weréopared by using magnetic transfer rods.

2.1 Generation of 7x7 Reconstructed Surface of Si(111)

The sngle-sidepolished rtype Si(111) chipsvere washed with ethanol and acetone in an ultrasonic
cleaner, and then mounted on a sample holder as shdviguire2.2 before introduction to the FEL
chamber.A contaminanfree Si(111)7x7 reconstructed surface was preparttte analysis chambéy
directcurrent resistive heating a#t00 °C overnighin ultrahigh vacuum (UHV) conditiofoll owed bya
b a sarmealingorocedure, which involved rapidly increasing the sample temperatud2@d °Cand
holding it at that temperature for ~10 s, and then cooling rapidly to *3@Pbe followed by slowly
reducing the temperature back to room terapge at a rate of-8 °C/s. This flaskannealing process
was repeated until a clean 7x7 reconstructed Si(111) surface (with a sharp 7x7 LEED pattern) was

obtained, andalidated by STM and XP&chniques.
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(c) Top view

-

Analysis | 5

-

(d) Side view

different angles. This fivehamber UHV system consists of two molecular beam epitaxy chambers:
MBEL1 for low-temperature organic material deposition and MBIgRjmped 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 varidééieperature scanning probe microscope (SPM), and a
low energy electron difactometer (LEED); as well as a fast entry lock (FEL) chamber (out of view) and
a center transfer chamber (CTQg) and (d)The machine drawirggshowing 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) ch{ft1x2 mn3, 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 Figure2.3a, was used to deposit bio/organic materials, often in
powder form, and was equipped with four specially designed, watted, lowtemperature effusion
cells(Dr. Ebert MBEKomponenten GmbH)Effusion cells OME1 and OME2, shown kigure2.3b,
were used for evaporating organic powders at a relatively low temperature ra3§® (C), while
effusion cells NTEZ1 and NTEZ2, shownFkigure2.3c, were used for evaporating materials at a higher
temperature (8000°C). In order to assure th@entity andintegrity ofthe gagphase biomolecules
during exposure, the MBE1 chamber was also equipped wiB08 Amuquadrupole masspectrometer
(Stanford Research Systems, RG®0), shown inFigure2.3a. After preloaded the crucible of the
effusion cell with a biomaterial powder, the effusion cell was outgassed in vacuum overnight to remove
any residual almsbants (e.g. water) in the powder. The powder inside the crucible of the effusion cell
was heated uniformly along the entire length by a hewifa heaterFigure2.3d-e). The temperature of

the crucible was measured by usmthermocouple in direct contact with the crucible wall, and all
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effusion cells were each equipped with a stainless steel daalilevater cooling shroud=gure2.3e)

for homogenous heating and uniform temperature control. réstene 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 walkcysteine and imethionine powders (99.5% purity, Fluka)
with a normal miing point at 240 °Gnd280 °C respectively, were used as the bio/organic materials in
the present work.

(c) NTEZ

(d) (e)

Quartz crucible Crucible fixing part
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conductor Heater filament
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Figure 2.3 (a) Photograph of MBE1 chamber for deposition of bio/organic materials, which was
equipped with four lowtemperature precision effusion cells (two OME and two NTEZ cells), a
guadrupole 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 wahattan a magnetic transfer rod.
Photographs of (b) an OME effusion cell, and (c) a NTEZ effusion cell, along with a quartz and a
polytetrafluoroethylenerucibles. Schematic diagrams of (d) the OME cell and (e) NTEZ cell, depicting
the crucible, heatingystem, evaporant (powder), thermocouple and veateling mechanism.

The MBEZ2 chamber, shown Figure2.4a, was used to deposit metals (such as Au, Ag, Cu, and Fe)
and hightemperature materials such as silicon and oxidegastequipped with two mediutemperature
WEZ effusion cells (20@300°C, Figure2.4b) and two higitemperature effusion cells EFM (3@000
°C, Figure2.4c). A RHEED system was also installed to all@ahtime monitoring of the crystalline
growth. Gold was the metal material used in the present study.
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(b) WEZ

Figure 2.4 Photographs of (a) MBE2 chamber for deposition of metals and inorganic materials equipped
with two medium temperature (WEZ) and two higimperature (EFM) effusion cells and a RHEED
system, (b) WEZ effusion cell and (¢) EFM effusion cell.

2.3 Analysis Chamber
The multitechnique Omicron system in WATLab was equipped with XPS, SPM, and LEED

facilities, used, respectively, for quantitative chemstate composition analysis, atornésolution real
space imaging, and surface crystallography characterization. Together with owckrguantum

mechanical modelling, the XPS and SPM provide a threaged 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)7x7 sgdgan order to follow the evolution of chemiesihte
composition with growth. XPS has also been employed for the nanofilm growth experiments of sulfur
containing aliphatic amino acids, i.e-cysteine and -methionine, which were deposited cumulatively
on the same Si(111)7x7 substrate at room temperature under UHV conditions, and for the thermal
evolution experiments of the-@eposited thick amino acid films upon annealing to 85°C, 175°C and
285°C to investigate the thermal stability of the biofilmd?S<spectra of th8i 2p and Au 4fegions
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were collected after deposition of Au on Si(111)7x7surface, while those of 2pe ISils, C 1s, 0 1s, S

2p ard S 2s regions were obtained after deposition of cysteine and methionine on Si(111)7x7 surface as a
function of exposure time. AKPS spectravere recordegvith apass energy of 20 eV, which gave an
effective linewidth of 0.7 eV full width at half maximum (FWHM) for the Ag;3ddhotoline at 368.3 eV
binding energy. Besides the Agsageak Au 4f,peak at 83.9 eV and Cu gZppeak at 935 eV have

also been used to calibrate the binding energy scale of the XPS spectrétoetsed in the analysis

chamber, the higperformance XPS spectrometer used for these measureomsigéed of a

monochromatized | KU source (1486.7 eV photon energyr gy) , a
analyzer (operated with a pass energy of 20 eV), archaimneltron detector assemigiyigure2.5a).

Figure2.5b shows a deematic diagram of the-Kay monochromator with its three major components:
electron source and alignment manipulator of the cathoday ¥node, and quartzystal mirror

assembly. Along with the sample, the positions of thrayanode and quartzystal mirror were

positioned appropriately on the Rowland circle. FAgure2.5¢c schematically illustrates, the relative
orientation of the monochromator axis (photon direction) and the entrance lens direction of the analyzer
(photaelectron emission direction) was fixed at the magic angle (54.7°). Thag Yource (XM 1000

MKIl) had a watercooled aluminurrcoated anode surface, and a short and a long filament, acting as the
cathodes for diffused and focused operations, respectiviglyre2.5d). The long cathode was normally
operated at a lower power density that led to a less focusad 3pot on the sample (~4 mm), while the

short cathode could produce a higher electron power density that gave rigeatbes, brighter Xay

emitting spot (~1 mm) on the sample. The resulting photoemission signal was directly proportional to the
brightness of the Xay spot illuminating on the sample. The maximum emission was 300 W at 15 kV for
the shorter filament ah600 W at 15 kV for the longer filament, which were controlled by tayX

source power supply. The control electronics, including timayXcontrol unit and the analyzer lens and
counting electronics, was fully softwacentrolled by using a Windows Xédmputer. After acquisition

of the XPS datahe spectra were fitted with Gaussiaorentzian lineshapes (70% Gaussian and 30%
Lorentzian) along with the Shirley background using the &d3a software, and the binding energies

were referenced to the Spz, peak of bulk Si at 99.3 eV.
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Figure 2.5 (a) Photograph of the-¥ay photoelectron spectrometer, consisting of arayXsource with a
monochromator, and a hemispherical electron energy analyser véttirance lens and an exit detector
systems. (b) Schematic diagram of theay monochromator with individual componentsrag§ source
and manipulator, and a quartz crystal mirror monochromator. Tiagy Anode, monochromator and the
sample position arappropriately 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 direct{dppPhotograph of an xXay source

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

2.3.2 Scanning Tunneling Microscopy for Atomic Resolution Imaging

Figure2.6 shows the variableemperatee scanning probe microscope (&PM), manufactured by
Omicron Nanotechnology, installed in the analysis chamber. A magnified and more detailed view of the
VT-SPM taken outside the chamber is showRigure2.6b. The VISPM wascapable of both high
performance STM and AFTM measurements at a temperature ran2@3e#27 °C (or 50500K) when
combined with cooling and heating facilitieSample heating in the microscope was achieved by an
indirect radiative heating facility inggated into the sample stage, while sample cooling was
accomplished by using a continuous liquid helium flow cryostat. Th&RW 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 nofperiodic eddy current damping mechanism. To achieve this, tHeRM base plate was

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

Figure2.6b), and then exchanging the sample by using a wobble Bigplre2.6a). The STM stage was

then released and spritmpded with the puspull feedthrough. As shown Figure2.6¢, the scanner

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

motors. The STM tip could be commanded to approach the surface with the help of a remote control box
(Figure2.6d). After the STM tip reached the set position, applying appropriate bias voltage and setting

the tunneling current sgtoint were fully controlled to obtain an STM image using the MATRIX
software. A single tube scanner wi-thawasemagf mltm5s
was used in the VVBPM microscope and a z resolution better thhdmm could be achieved.

Support tubes for ||
spring suspepsion

Figure 2.6 Photographs of the Omicron VIPM system: (a) SPM chamber with a wobble stick, the
laser electronics for AFM operation, and a camera; (B5¥M microscope outsidedlthamber; (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 surfaemsitive analytical methods used to provide
complementary information aboutesgfic properties of the surface, biomolecular surface reactions and
film growth processes, computational chemistry with comprehea$imtio quantum mechanical
molecular modelling is also employed to provide more comprehensive understanding of tieezwpk
findings. This thregpronged 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 chemistryhree generalypes of calculations: molecular mechanics, semi
empirical calculations, anab-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
forcefields with empirical parameters, seempirical methods combine quantum physics with
experimentally derived empirical parameters and approximations. These methods are particularly useful
for describing approximate behaviour and trends of largemgstwhere accuracy is perhaps not the
primary goal. On the other hand-@alttio quantum mechanical method provides accurate calculations of
total energies and other fundamental material properties, including atomic and electronic structures of
moleculesand solids, based entirely on quantum mechanics. Generally recognized as one of the most
popular akinitio methods, Density functional theory (DFT) has been applied to a wide range of systems
from atoms, molecules and solids to nuclei and quantum assicdhfluids. 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
wavefundion to obtain information about chemical systems originated in the early days of quantum
mechanics in the 1920s through the studies of ThBfasd Fermi® After three decades, Slat&in
1951 simplified the HartreBock theory®>'°1"1%8 ysing ideas frm 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 an§’l&adrkohn and Shaii’
Thei rst Hohenber g and Ko hThe grobnd stateenne, r gwh ifcrho ns t Sact herso dti
equation is a unique functional of the electron dersity, the foundation for DFT calculations. The
groundstate energ¥ can be expressed Bm(r)], wheren(r) is the electron density of tlveave function

S w at spatial coordinasg of theN electronsand is given by:

€7 = w(h, e8¢ ThQL8 QY C.)
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For a closed shell singtieterminantonsisting ofndividual electron wave functiofy ;), n(r) is given

by:
£ =2 [ A ()
Q
Although this theoremigorouslyproves that a functional of the electron density exdstithatit can be
used to solve the Schrodingerodos equation, the the
The seond HohenbergndKohn theorem defines an important property of the functiandlit states
thatfiThe electron density that minimizes the energy of the overall functional is the true electron density
corresponding to the f agudtions ol The oemnerfgy hfeu Bacthirmrda |
HohenbergandKohn theoremn terms of thendividual electrorwave functioncan be written as in terms
of an Aknowno t oEk@ bBnd exohangaepyelation fonctiorialdfi{ @ J:
Olq =0gee T +Qxp I (.)

Ogevs [0 = % o BB e +% %rﬁ B0y ()

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 betweén pairs o
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 eletiedkoirSham

equation has the form:

32
e + a0+ G T [l =T ()

where V defines the interaction between the electron and the collection of atomic ny¢lke Hartree
potential) describes the Coulomb repulsion between the electron and the tatahaleosity and also
involves the Coulomb interaction between the electron and itself; gndavi formally be defined as a
Afunctional der i-coadlationendgrgyof t he exchange
1 Qs ()
1€(7)

To solvethe KohrSham equation, the exangecorrelation functional, i[{I 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 poirstsanisp, n) =
constant. The exchangerrelation potential at each position can be set to the known exehange

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

G T =g e ()

This appoximation uses only the local density to define the approximate excangdation functional
and it is known as the local density approximation (LDA). LDA defines the approximate exchange
correlation functional which can be driven exactly from thearmfelectron gas, but the accuracy of the

LDA is insufficient for most applications in chemistry.
O £ T ()

W2 1 = @y
After the LDA, development dfinctionalsintroduced the best known class of functionals, known as the
generalized gradienparoximation (GGA):"* GGA uses information about both the density and the
gradien 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:

Q5o "1 = Gy &7 nE(N) ()

There are &arge number of different GGA functionals arising from various ways that form the gradient
of the electron density. The Perd®\ang functonal (PW91) and PerdeBurke-Emzerhof functional
(PBE)"?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 (dispetsi@ttions) in
intermolecular interactions, which are especially important in biochemical materials angdn bio
nanoarchitectures, and to the electronic structure of strongly correlated systems. To improve the electron
correlation treatment, an additial term has been added to the conventional Ksthem DFT energy/>
The relationship between electron correlation and-lamge 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

0

Qe — l_6 (. )

where r is the separation betweba aitoms and C is a collection of physical constants.

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

augmented as follows:
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Qovo=Qor Y Ly (i ()
070 @
Here, | is the separation between atoms i ar@j jis a dispersion coefficient for atoms i and j, which can
be calculated directly from tabulated properties of individual atoms gt is a damping function to
avoid unphysical behavior of the dispersion term for small separations. The ehpairacaeter, S,
corresponds to a scaling factor that is applied uniformly to all pairs of atdéms.
Dispersion effects included via semiempiricilra pairwise interactions using the DIPR or DFT-
D3 methods by Grimmeave been shown to give quite accurate thermochemistry for both covalently
bonded systems and systems dominated by dispersion.f6t¢&5” Unless stated otherwise, we employ

the DFTD2 approach for the calculations presented in the present work.

2.4.1 Slab Model

In this study, we uskan optimized structure of the dirsadatomstacking fault (DAS)* model for
the Si(111)7x7 substrate, which contains a faulted and an unfaulted half ungaehisyih three corner
adatomsandthreecenter adatomis the topmost layer antireerestatomsn the second layegFigure
1.1d). A periodic repeating slab consisting of 200 Si atoms, distributed in two Si bilayers and a
reconstructedayer (topmost layer) with a 5.419 A lattice constant of the Si bulk, and a vacuum gap of 12
A wasused taepresenthe Si(111)7x7 surfaceThe bottom layer of the slaliasterminated by 49 H
atoms The Vienne Alinitio Simulation Package (VASP, versiérB.3) 7817918181 gnd the Materials
Exploration and Design Analysis platfoiedeA,version 2.16Materials Design, Ingwere used for
the calculabns. During the equilibrium structure optimization, all the coordinates of tteridinated Si
atoms were relaxed until the forces at individual atoms were less than 0.01 eV/A, with the coordinates of
all the Si atoms fixed. With the coordinates of khatoms 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/A.

The firstprinciple total energy calculations were performed within the generalized gradient
approximaion'*'# as defined by Perdew, Burke, and Ernzerhof (GRBE).’?based on the exchange
correlation functional and projector augmenteave (PAW) potentiaf§®'® to describe the effect of core
electrons on the valence shells together with a phea basis set used to span the valence electronic
states The planewvave expansion cutoff energy was set to 250 eV (for Au) and 400 eMdfordmnic
adsorbates)The surface Brillouin zon epointapacinga PpAferdl at
DFT and DFTD2 calculatims, due to the large unit celhd limited computing resources. Conjugate
gradient algorithm was employed to iogize 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.QHep#Ading on the
size of system The energy convergence of the smlfisistent field was set to 1.0x16V, with
MethfesselPaxton smearing of 0.2 eV.

The adsorption energy,gor adsorbates defined as
Eaa= (Eame+sizoorad Esizoorad NEw) (2.12)

where Eussizoonas Esizoonse@nd By are the total energied the adsorbedpecies (i.e. a gold atom or
a biomoleculepn the SipH4o Slab, the SphoHae Slab, and the isolatexpeciesrespectively, athn is the
number of species making up the cluster. ildle more negativis the adsorption enerdy,g, themore
stableis the corresponding adsorption

In the case of adsorption of Au on the Si(111)7x7 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 resttom, 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 Amatand also to discover the trajectory
of homing for a single Au atom. Furthermore, we did DFT calculations for the adsorption of two Au
atoms on various sites of the Si(111)7x7 surface (not reported in the present study). Moreover, we also
calculatel the adsorption energy ofAu adatoms on the top of Si(111)7x7order toevaluatehe
stability of the proposeslupportedAu cluster structures

In order to calculate the adsorption energy ofdrganic molecules on the Si(111)7x7 surface, the
DFT-D2 calculations were performed. A large variety of-ghase conformations of the twe S
containing biomolecules (i.e.rtysteine and #methionine) adsorbed in unidentate and/or bidentate
configurations [through different functional groups: carboxylic &{€OOH), amino(i NH,), and thiol
(T SH)] on different sites of Si(111)7x7 surface (adatoms and restatoms sites on both faulted and unfaulted
half unit cells) were evaluated. gelection othemost stable geometiyas thermade on the basis of
theiradsorpion energy after optimizationTo 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 lkquih structure of the interfacial layer.
The coordinates of all adsorbed molecules and Si atoms were relaxed during tB2 D&€ulations.

Due to the importance of hydrogen bonding interactions in the formation of proteins and larger
biochemical mateails, quantitative studies are very useful to explain a number of supramolecular self
assembly and biological processes in physiochemical terms. For this reason, we empleyti DFT

calculations for dmolecular configurations, which arise as a result ohagionof various Hbonds for a
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number ofbenchmark aliphatic amino acids in the gas phasa@oon the Si(111)7x7 surfacdhe
total energy for adsorption of biomolecule or metal adspecies on the Si surface includes covalent bonds,
H-bonds, longranged 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)7x7" Y

3.1 Introduction

As a noble metal, Au ell 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 &§dThis unusubreactivity 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 techhapetherefore
been employed to grow Au on Si surface, from single Au adatoms to clusters to nanoparticles to thick
films. Growing Au on clean, singlerystalline Si surface in ultrahigh vacuum is considered to be the best
way to study the Aibi reactiorand 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 intetface large Au coverage on
Si'® Single Au adatom¥ dimers'® and clusters with a proposed ¢Si structuré® have been observed
on Si(111)7x7 at room and lower temperatures by using scanning tunneling microscopy’{SJivihe
other hand, at a high Au coverage thdemensional A*"'® or goldsilicide islands have been found by
using photoemissidff and medium energy ion scatterifg®® 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 Strans
Krastanov mode. In this smalled mixed growth mode, the initial twebmensional layeby-layer growth
is switched to thredimensional island growth at a certain critical thickriés&Vhile the growth mode
of Au on Si(111) (with various posinnealing temperatures) has been generally accepted to follow the
StranskiKrastanov modé®® details about the growth evolution particularly near the critical thickness
region remains unclear. In spite of the earlier efforts and this seemingly simplesemetebnductor
i b e n c h mam, k conssstgns picture about the formation and location of gold silicide in the growth
stage of Au on Si has not been reactfétf>1891%%19? This importantmformation is of fundamental

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

Y ¥This section is madedm one of my publication$.R. Rahsepar, L. Zhang, K. T. Leung, J. Phys. Cherg04,
118, pp90515. 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 189194

metallic Au®****or Sirich alloy!?'*® In the case of Au growth on Si(111)7x7 at room
temperature, by using a combination of photoeimisand ion scattering techniques, Hoshino et al. have
reported the growth of two atomic layers (at an Au coverage of 5.2 monolayers) in the forgBigbAu

top of a metallic Au layet> Even more surprising was their observation that an increase in the Au dosage
only led to an increase in the metallic Au layer thickness thi top AgSi, layers remaining

unchanged’ In contrast, according t€im et al.;*® 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
positrorannihilatiorinduced 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)7x7 at room temperature under ultrahigh
vacuum condition by correlagnour STM images with our XPS spectra for the same coverage over a
wide coverage range, from single adatoms to clusters to honeycombetarok and to islands. In
particular, the morphology of Au (i.e., wetting layers vs islands) can be directly thfevre the STM
images, while the chemical states of Au with veldfined 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 formati 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 deGhiapter2. FurthermoreAu (99.9999%
purity) was deposited by thermal evaporatioh@t0 °C with the 7x7 substrate held at room temperature.
Different doses of Au were exposed onto the 7x7 surface, and each exposure was performed onto a
freshly cleaned 7x7 siace After each exposure, both STM and XPS measurements were performed on
thesame sample in thanalysis chamberFor XPS, Si 2p and Au 4f spectra were reconditd an
overall energy resolution of 0.7 eWAFHM (for the Ag 3d,, photoline at 368.3 eV) using
monochromatised Al KX-ray (1486.7 eV) and an analyser pass energy eM20The Au coverage was
given in monolayer (ML), for which 1 ML corresponds to 7.83% #oms/cri assuming the Si atomic
density of an unreconstructed Si(111) surface. The calibration of Au coverage was carried out using the
following procedure: (1) cout the numbesof Au adatoms ithe STM images where only single Au
adatoms and dimers exise(, thoseobtained at very low Agoveragese.g.Figure3.1a below); (2)

measure the corresponding Au 4f X§&ctrum of the same sple; (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
respectie Au 4f peak areasThis 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

Figure3.1 presents the STM filledtate images for various Au coverages from 0.004 to 3.97 ML on
Si(111)7? 7 at room temperature. At the lowest Au coverage (0.004 ML, with a magnified image shown
in AppendixA, Figure Al), there are three notable features: sextets, triads, and scribbles. Briefly, the
sextets Figure3.1a, circle) and the triadgigure3.1a, square), locate@spectively on the faulted
(markedby F in Figure3.1a) and unfaulted (markday U in Figure3.1a) half unit cells (HUCs),
correspond tasingle Au adatom rapidly movingreong the six Si adatom sites within the respective
HUCs?! Closer examination of the sextet features shows that the extatsm protrusions appear
brighter than the cent@datom protrusions, indicating a higher local density of states at the-corner
adatom sites than the centetatom sites. Similarlyn theunfaultedHUC the centeadatom protrusions
formingthetriad are brighter than the corratlatom protrusionss a result of a highéw density of
states at the centadatom sites? The scribble featuré={gure3.1a, up triangle) results from a fast
moving Au dimer within a HUCG®® An increase in the Au coverage to 0.05 ML leads to formation of
new triangular clusters with threefold symmetfglre3.1b, down triangle) located at the censtef the
HUCs. We hypothesize that these triangle features correspong3q élusters, including, e.g., ABi;
in accord with outargescalecalculationshased on the Density Functional Theory (DFApgendixA).

At 0.20 ML (Figure3.1c), larger clusters appear within the H&)CThe corresponding empsjate image
(AppendixA, Figure A2) shows that these larger distorted triangle features have not covered the Si dimer
walls. It shold be noted that at this low coverage the 7x7 reconstruction remains clearly visible, with the
dimer rows and corner holesambiguouslyefining the registry of theriginal 7x7 surface.

Furtherincreasean the Au coverage leads to larger clusters ¢batpletdy 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 théills the entire Si(111)7x7 surface template with just the empty corner holes
exposed. As demonstrated by the persistence of thamd related spots in the fast Fourier transform of

the STM image (€. insets ofFigure3.1d and Figure3.1a), thistwo-dimensionahoneycomb nano
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network evidently follows the registry of the underlyirfg/7unit cell template. Indeed, the sharp spots in
the fast Fourier transform of the honeycomb naatwork indicate & 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 7 unit cell. Further Au exposure leads to growth of the second layer on the
honeycomb nanaetwork (Figure3.1e), at whichAu atoms accumulate either on top of the existing Au
clusters in the first layer or above the empty corner hotesiceie and more Au atorascape theonfine

of the underlying ¥7 HUCs. At higher average, the Au atoms continue to grow into patches of similar
height, without any registry to thé 7 unit cell. At 1.53 ML, patch growth continuasd these Au

patches evidently become larger aoder up any trace of the firktyer honeycomb clusteesd corner
holes(Figure3.1f). It is noticeable that there is a thermodynamics spontaneous process to increase the
particle size by increasing Au coveragég(ire3.1e-h) because larger particles are menergetically
favoured than smaller particleSince 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 reactionf Au and Si atoms, with Au atoms covering displaced Si center adatoms
(AppendixA, Figure A3). With further increase in the coverage to 1.80 Mig(@re3.1g), thepatchein

the second Au layer join ti 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?3ah the 7

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)7x7 at room temperature, all collected with a sampleibias of
2.0 V and a tunneling current of 0.2 nA. The field @ws for (ac) and (di) are 50x50 nrhand

100x100 nrf, 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 whicHi the 1/7
fractional spots corresponding to the periodic (7x7) reconstruction are clearly evident.

As the coverage increases to 2.40 ML, individhaéedimensionalslands as large as ~7.0 nm start
to grow on the second layer. The replacement of {aydayer gravth to island growth indicates a
StranskiKrastanov growth mechanism. The critical layer thickness, often used to mark the transition

from layerby-layer to island growth mode, dependstioastrain and chemical potential of the deposited
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film. For the pesent Au/Si(111§77 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

1189 With further increase in

below) and with the Auger electron spectroscopy data report&dpgt a
the coverage to 3.97 MIF{gure3.1i), the metallic Au islands eventually exhibit regular triangular and
polygon shapes, whichdicates that these Au islands are singlestalline 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 crstatecal
information, we conduct XPS studies andwhin Figure3.2a the corresponding Au 4f spectra for the
respectiveAu coverageshown inFigure3.1. Evidently, the spectra are dominated by a prominent Au
4f,, (4fs1,) peaknear84.6 eV (88.3 eV) ovethe entire coverage range. Above 2.90 ML, a second Au
af,, (4fs0) featureemerges at 88.eV (874 eV) and appears to strengthen with increasing coverage. The
primary and secondafgatures at their respective higher and lower binding energies titeustd to the
gold silicide(Au,Si for short) and metallic Au, respectively. This is in excellent accord with our earlier
work on Au nanoparticles on Si(108}which shows that the binding energy of Au,4for gold silicide
is 0.9 eV higher than that for metallic Au. Au therefore adsorbs on Si first in the form®ifaidhe
interface, and then in the fornfimetallic 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,Adf4f) feature near 88.eV
(874 eV). At0.05 ML coverage and as illustrated in the corresponding i8Ege Figure3.1b), Au is
found to adsorb as highly mobile single adatoms and dimers. The high mobility of these Au adatoms
indicatesweak electronic interactions between Au atoms and the Si adatortisaéinch e s e -l fi rkeetoa |
Au atoms aréoosdy bound. It is also of interest to note that while the peak position of the metallic Au
component is essentially stationary at8B.1 eV for Au coverage above 2.4 ML, the mdited Au
feature found below 0.76 ML appears todigcernbly lower (836 eV). Theminor shift in theAu,Si
componento lower binding energgould be due to the higher coordination of Au with Si before
completing the first layer coveraged toless electron screening of the phetoited cordevel holes.

The sharper Au 4f peaks of the /&ilcomponent start at a coverage of 0.76 ML, which corresponds to
the honeycomb nanaetwork shown ifFigure3.1d. At this Au coverage, theriginal Si(111Y? 7 surface
has, in effect, been transfoedto a newtwo-dimensionahoneycomiphaseof Au,Si component, which

is not onlystructurallydifferent (honeycomb vs 7xBut alsochemically differen{Au,Si vs Si) The
relative intensities of Au 44 peaksfor the Au,Si and metallicAu 4f;, comporents(and their sum), along

with that ofthe Si 2p;, peak are plotted as functions of Au coveragd-igure3.2b.
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Figure 3.2 (a) XPS spectra of the Au 4f region for different éaverages on Si(111)7x7 at room
temperature. Solid and dashed lines mark the Au 4f peak positions for the gold siligigig &ad
metallic Au components, respectively. (b) Corresponding peak areas of thg.Aeals for AySi and
metallic Au compoants (along with their sum, marked as total), and of the ji2pte at 99.3 eV.

By combining the information provided by the STM images and XPS spectahtaia a more
complete picture of Au growth on Si(111)7x7 near the critical thickness regiersummarize the
growth evolution of Au on Si(11137 in a schematic model shownhRigure 3.3. At very low coverage
(0.0040.05 ML), Au exists as highly mobile, metéde Au adatoms and dimers shared among the Si
adatom sitesnithe 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 #iletahu and AySi adspeciesAt
0.76 ML, onlythe Au,Si componenis found, and these Au silide adspecie form a remarkably well
ordered honeycomiwo-dimensionaphase, completely blanketing the Si(111)7x7 surface templae. A
most of the further deposited Au atoms are adsorbed on the fiiSt layer and they grow into the

second layer, theyemain as ASi. 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 continySukyer.

To understand the nature of the,8Lin the second layer, we perforar§escaleDFT calculations and

the details of this computational work ajigenin the Appendix A For our calculations, we propose a
AugSis structure as a possible nucleation center for one of the six segments of the honeycomb unit, with
each segment oasisting of Au atoms located at three different Si sites (adatorrgtratand pedestal

atom sites) as illustrated AppendixA, Figure A3. The Au atoms in these segments essentially
correspond to the majority of the figbld silicide layer, with some of centadatom sites exposetlVe

believe thathese unoccupied centadatom sites are responsible for providing bonding to the Au atoms

in the second AlBi layer. Above 2 ML coverage, the deposited Au atoms on top of thedmtmuous

Au,Si layers are sufficiently far from any Si atom, leaving them to @agtwith adjacent Au atoms,

which leads to the formation of metallic Au islands. In agreement with the STM imaging is the coverage
dependence of substrate Sg2mtensity shown inFigure3.2b, which this information can be very

helpful for device fabrication areas and also semiconductor industryarticular, the Si 2p intensity
decreases exponentially from 0 to 2 ML Au coverage, camgigvith the layeby-layer growthmode.

The Si 2pp, intensity then increaseg a much slower rate above 2 ML, indicative of the Au island

growth. This also supports a critical thicknes& ®iL found for the StranskKrastanov growth.Our

model is 60 consistent with the linear increase in the total Ay iitensity with increasing Au coverage
because the sampling depth of XPS is sufficiently large to cover the Auatelayers and the Au

islands Figure3.2b).
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Figure 3.3 Schematic model of the growth evolution of Au on Si(111)7x7 at room temperature. Left
column shows optimized structures based on DFT calculations for the early growth stage up to the
formation of thdirst gold silicide layer. Right column shows the evolution to the secorsiliéide layer
and the formation of metallic Au islands.

3.4 Summary

We have studied thgrowth evolution of Au on Si(11137 at room temperature under ultrahigh
vacuum condition ypusing both STM and XPS. These combined results are crucial to provide support
for the StranskKrastanov growth with the critical thickness of 2 ML that marks the formation of two
Au,Si layers followed by thredimensional metallic Au island growth. thierefore seems unlikely that a
metallic Au layer could form between the Sillayers and the Si surface, as proposed by Hoshino et al.
in their ion scattering stud$’. In the layerby-layer growth below 2 ML, Au atoms react with the top
three Si layers of the37 reconstruction (Si adatom layer, restatom layer, and lay&inomg the dimer
rows and the corner holes) and form two continuouSNayers. Above 2 ML, Au atoms form large
individual metallic Au islands. The intricate STM images reveal not only the Stiérestianov growth
mode, but also the formation of a /&i honeycomb nanpnetwork at 0.76 ML. Given the conducting

property of AySi, this honeycomb nanretwork on Si(111)%7 could provide an important passivation
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layer for device fabrication. Moreover, the,Sithoneycomb nanpnetwork 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 orctiitdiining compounds, the /Si
honeycomb pattern also promises an important platform to buildapplications for biosensing and

molecular traps.
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Chapter 4
Biofunctionalization of Si(111)7x7 by L-Cysteine®

4.1 Introduction

Site-specificchemistry ofbio-organic molecules on semiconductor surfaces has attracted much
recentattentionin nanotechnology because it enables nanoscale conversion of an inorganic surface to an
organic surface with opportunities for introducing multiple types of bondimgprporating functionby
directorganic molecudr attachmertio semiconductor materiathrough bothorganic reactions idry
(vacuum) or wetconditions golution) can lead to new emerging technological applications, as in the
development ohybrid organiesemiconductor devicethree-dimensional memory chipsilicon-based
nancscaleor biological sensorsand nanolithograpty**°%2®® An importantgoalin organosilicon
surface chemistry is tmodify the electronic properties die siliconsurfaces andevices with organic
molecules Chemical attachment ofganicmolecules t@reconstructedilicon surfacei.e. organic
functionalizationpy taking advanige of the different reactivities of surface sites prositdee necessary
control. The Si(111)7x7 surface offers an ideal, tthmensional template with directional dangling
bonds not only for anchoring and supporting metalisorbates such asnoclustes?**but also for
interactngwiths i mp | e f bb®-orgahicmaotedul@s, including amino acidgy(glycine)?*®
peptide (e.g. glycylglycine)* and DNAbase molecules (e.g. thymiaad adening®™** Our early
studieshave shown thdiio-organic molecules includingiore than one functional grouprtbe used to
exploit sitespecific chemistry of the Si(111)7surfacethroughcompetitive reactionamongdifferent
functional groupsvith the Si surface dangling bonds®%*'%° As these bieorganic molecules invariably
contain moieties that can be linked to one another by iatchinterlayer hydrogen bonding, new
opportunity of creating not just permanent but indeed g@mihanent (or renewable) biofunctionalization
can be realized by manipulating these hydrogen bonds.

Fundamental understanding of the interactions of organiccmele with Si surface sites is the key
to controlling the functionalization of semiconductor surfaces. These interactions at the interface can be
typically categorized into longeange noncovalent interactions and sheréege covalent bonding. By
using the weaker noncovalent interactions, including electrostatic interaction between statically charged
species and/or molecular sites, hydrogen bonding, van der Waalefef, i'nt er acti ons, and

binding, many new seklissembled structures have been produced. In contrast to therkmmgger

%8 This section is made from one of my publicatidRd?. Rahsepar, L. Zhang, H. Farkhond€hT. Leung, J. Am.
Chem. Soc., 2014,36 pp1690918. Copyright (2014) by the American Chemical Society.
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interactions in these weakly interacting systems, strong strartge chemical bonds provide the
essential binding in amy interfacial structures on semiconductor surfaces and in devices functionalized
with bio-organic moleculeg?2198:20

Amino acids are ideal model molecules for investigating theserkomge and shorange
interactions with the Si surface, because they are the building blocks of proteins and as such representing
one of the mostportant 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 interactiigia@from different functional groups.
Of the twenty naturgl occurring amino acids, onlysteine(C,O00HCGHNH,CH,SH) contains a thioli
SH) group, in addition to the carboxylic acilCOOH) and aminoi (NH,) functional groups. Cysineis
a strong lgand for transition metals, making it a potential candidate of active materials for trace metal
sensing. The adsorption ofsteineon (singlecrystal) surfaces of a variety of metals, including
copper:“silver* and gold‘* has been investigate@ysteinewas found to normally bind to the metal
in the form of a thiolaté***?* Depending on the nature of the surface, the othefunational groups
also play an important role in attachiogsteineto the surface. For example, in a recent studyysfeine
adsorption on a semiconductor surface, deprotonated carboxylic group was reported to be bound to the
five-fold coordinated Tisrface sites on rutile Tig110)?*® Furthermore, carboxylic acid and amino
groups enableysteinefilm growth through the formation of the intrand interlayer hydrogen bonding.

To date, there is only one report oysteineadsorption on the Si(111)7>surface. In particular,
Huanget al. studiedcysteineadsorption on Si(111)7x7 by higksolution electron energy loss
spectroscopy and-¥ay photoelectron spectroscopy (XPS), and they concluded the coexistence of two
chemisorption states, including aidentate adspecies through the cleavage ofiahtidond and a
bidentate adspecies with nevi Biand Si O linkages (with two Si adatom8Y. However, thecysteine
molecule, with a Nkito OH separation of 3.66 A, reveals to ygically 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 A and 7.66 A,
respectively. Here, &vpresent the first STM investigation of the adsorption configuratiooystaineon
Si(111)7x7 as a function of coverage at room temperature under ultrahigh vacuum condition. By
correlating this density of states images with the chemical state infommativided by XPS, we
determine the relative reactivity and selectivity of different surface sites towards the three functional
groups incysteine We observe three different growth stagesysteine from chemisorbed adstructures

in the interfacial lagr (first adlayer) to transitional layer (second adlayer) to zwitterionic multilayers in
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the nanofilm. We further study the rogamperature durability and thermal evolution, particularly the
stability of the transitional layer and zwitterionic multilagiém, 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 aexpaluge cycleBy
correlating, for the first time, the chemiesthte information provided by XPS with the higisolution
filled-state STM images at very low exposureysteing we show that the bidentate attachment of
cysteinethrough Si'S and SiN linkages with thécenteradatom, centeadatom) pair across the dimer
walls of the 7x7 surface (in contrast to what was proposed earlier by tahd®’ Furthermore, the
emptystate STM images reveal the formation of intralayer horizdryéogenbond (sideby-side) and
interlayer vertical hydrogebond (heado-tail), respectively, within and between adsorbed unidentate
cysteinemolecules in the interfacial and transitional layers. Thesesgéeific surface interactions and
intra- andinter-layer hydrogen bonding provide the important mechanism for diffeystginegrowth
stages on the 7x7 surface. The biofunctionalization selectivity of silicon surface arising from these
growth stages is easily controlled tysteineexposure, whia offers new opportunities for sensing and

molecular trapping applications of other dmiayanic molecules and trace transition metals.

4.2 Experimental Details

The experimental procedure has been discussed in detail in Chapter 2. Furtheysteire(99.5%
purity, Fluka), with a normal melting point &40 °C, wasexposed to the 7x7 substrate with the etfosi
cell held at 18 °C**® and the deposition chamber pressure at 2%fhbar. The amount of deposited
cysteinewas controlled by the exposure time. The molecular identity and integatsteineduring
exposure wreconfirmed by their cracking patterns, collectesitu with a quadrugle mass
spectrometeand found tde in good accordith the literatur€®® Although the absolute coverage of
cysteinecould in principlebe obtained directly from STM images for low exposure (for which the 7x7
pattern remains visible), deposition time was used here to indicate the relative expogateinddue to
the wide range of exposures employed in the present study.

For the film gowth experiments;ysteinewas deposited cumulatively on the same Si(111)7x7
substrate, and their STM images were collected after each exposure. Their correspiobyalimg1s, C
1s, O 1s, S 2p and S 2s XPS spesteee recordeavith apass energy of 28V, which gave an effective
linewidth of 0.7 eV full width at half maximum (FWHM) for the Agsagphotoline at 368.3 eV. For the
thermal evolutio experiments, agrown thickcysteinefilms were annealed sequentially by resistive

heating of the sampleotder 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-tbeet@m@ectra

of cysteingpowders in which case an electron neutralizer was employedrtpensate the minor

charging during the measuremeiithe binding energy scale of the powder spestm calibrated with

respect to that of the correspondmgltilayerfilms by aligning the main N 1s featuf&ppendixB,

Figure BL). 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

210the zwitterionic structure

While cysteineexistsas the neutrdbrmin the gas phas&¢hemet.1a)
(Schemet.1b), with the protoatedamino goup { NHs") and deprotoated carboxylic groupi COQ), is
the most stable form iboth aqueous solution asdlid staté™* To analyze the chemical stateolution
of cysteinenanofilm growthfrom submonolayer to mitilayers on Si(111)7x7 ani investigate their
stability atthebothroom and ealuated temperatures in ultrahigh vacuum conditiconducXPS
experimens. Figure4.1 showsthe O 1s, N 1s, C 1s ai&l2s spectra afysteinefilm as a function of
exposure timgwith their corresponding peak positions asdignments of the fitted features given in
Table BlL andTable B (AppendixB). It should be noted théecaus¢he S 2p spectrum partially

212\ve have

overlaps with one of the plasmon peakSoibcated at $68.0eV (AppendixB, Figure B),
chosen S 2s for the present wot very low exposures of-85 s, the N 1s spect(gigure4.1b) show
only one peak at 398.:70.1 eV, attributed to NSi bond which indicateshatcysteineundergoeNi H
dissociative adsorption on Si(111)7xThis isin good accord with the N 1s feature at 39899.1 eV
found for chemisorption of dimethylamifgpyrazine?*® hexylamine’** 1,4-phenylenediamine, anikgf*®
glycine®® and glycylglyciné® via Ni H bond cleavage on Si surfacéghere is no sign of any neutral
amino groupi(NH,) with a binding energy at ~400.0 %. Our S 2s featuréoundat 227.4 eMn the
present works consistent with the 86 linkage of chemisorberysteine whichindicates direct
interaction of he S atonwith the Si surface dangling bond. Because Si is less electtimeghan H°
the S atom at the 55 interface is anticipatdd be more negatively charg#thn that in the thiol group
and consequently to have a smaligrding energy than the S ataman intact thiol group, with S 2
228.4 eV.This is n markedcontrasto the work byHuanget al,?*’ who reported an intact thigroup for
both physisorption and chisorption ofcysteineon Si(111)7x7.Furthermorepur assignment is also in
good accord with $5 species, witthe S 2geatureat227.3eV, found forbenzenethiol and diphenyl
disulfide on the Si(001y The results of N 1s and S 8gectraherefore clearly show that for the lowest

exposurei(e. theinterfacial layer)cyseineanchos on the Si surface throughssociatiorof both amino
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and thiolgroupsin abidentatearrangement, because neither XPS feature corresponding to intacto
that to $H bond is observed. This bonding arrangement of the interfacial lagleoia goodagreement
with the information deduced from both fillestlate and emptgtate STMimages(to bediscussed below).
Figure4.1c showsghree fittedC 1speaksat284.7, 286.3, an@®89.2 eV, which can be attributemthe

alkyl carbon atoms iniCS and €N moieties and to the carbor@lin the C=0O group, respectivelihe

O 1s peak at 532eV for the 515 s exposure is found to beoader FWHM=1.9 eV) than that at 531.8
eV (FWHM=1.4 eV) forathick film (5400 s). The Iger width in the O 1s feature for a lower exposure
is indicative ofthe existence ahultiple componentsncludingthe carbonyl Gat 532.1532.9 eV and the
hydroxyl O component at 53284.4 eV2'’

Schemed.1 Ball-andstick models of (a) neutral, aifll) zwitterionic structures ofysteine, and (gy)
dimer structures resulting from formation of varioubéhds (maked by the dashed lines) between
different types of functional groups of twgsteine 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) Nsl (c) Cls, and (d) S 2s XPS spectrecg$teine deposited on
Si(111)7x7 as a function of exposure time (5 s to 5408ns);0f the asleposited 5400 systeine film
upon annealing to 85°C, 175°C and 285°C.

With increasing exposure to 45100 s, we obsee the emergence and growth of a new N 1s feature
at 401.1 eV Figure4.1b), attributable to B Hi O hydrogen bond (# o n d ) . HEeor et ow ed eunsoet efi
a Hbond. This feature therefore indicates the formation efleer vertical Fbond (heaeo-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 horizontatl{gidiele) Hbond among two or
more unidentateysteinemolecules (discussed below) in the interfacial layerFidure4.2, we
summarize the changes in the peak areas of the fitted XPS features. In particular, the N 1s intensity of the
NE Hi O feature for the 400 s exposure is ~6 times that for 45 s exposure, which is consistent with the
increase in the amount of verticalliénds for the 400 s exposure from that for the 45 s exposure, the
latter with mostly horizontal Hhonds. The presencé both types of Fbonds is supported by the
emergence of a second S 2s feature at 228.4iguré4.1d) and of a fourth C 1s feature at 285.5 eV
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(Figure4.1c) for the 45 s exposure, which are charastierof the intact thioli(SH) and thiol methyli(

CpH,i SH) groups, respectively. Moreover, there is a weak N 1s peak at ~401.0 eV, which can be
assigned to B Hi O feature™*'*3?% 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
assignedd i CH,i Si Si, i CH,i SH, i CH,i NHi Si, andi COOH, respectively?®?*’ Further exposure to

2400 sincreases the N 1s intensity of th& Ni O feature for trarisonal layer ~14 times with respect to
that for the 45 s exposurEigure4.2a). Furthermore, close examinationFajure4.2a represents that

there is an increase in thé N to S H relative populatiorirom 50%:50% for 5 s exposure to 46%:54%

for 45 s exposure. This is consistent with relative bond dissociation energies fouiitHf(358.8

kJ/mol) and BH bonds (353.6 kJ/mof)? Finally, the XPS spectra for tteysteinemultilayers obtained

for the 5400 s exposure on Si(111)7x7 are found to be similar to thagestemepowders in the solid
phase AppendixB, Figure Bl). 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 @%gure4.1d) further affirms the multilayer nature. The sharp O

1s peak at 531.9 + 0.1 e¥¥\WHM=1.4 eV) Figured.la), and the single N 1s feature at 401.8 Eidre
4.1b) can only be assigned to, respectively, carboxyl@©Q ) and protonated amino groupisiHs") in

the zwitterionic structte NH;'CHCH,SHCOO, Schemet.1b) of thecysteinethick film (multilayers)?*’

The corresponding C 1s spectruriglure4.1c) consists of a broad band centered at 286.4thbutable

to the two alkyl carbons inCH,i SH (at 285.9 eV) antiCHi NH;" (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, apsl fSatures (a) for differenysteine exposure
times; and for a multilayearysteine film (obtained with 5400 s exposure, solid lines) and a transitional
layer (obtained by anneadi the multilayer film at 85°C for 20 min, dashed lines) as functions of (b)
annealing temperature, and (c) storage time in ultrahigh vacuum condijoichematic bonding model
of available surface functional groups, and ingnad interlayer interaains for the interfacial layer,
transitional layer and the multilayer film ofsteine on Si(111)7x7.

To determine the thermal stability of tbgsteinemultilayerfilm (obtained with the 5400 s exposure)
on the Si(111)7x7 surfacele anneal theample forl600 sat elevated temperatures (85, 1d@bd 285°C)
andthe sample ithen cooledackto room temperature for XPS analysiSnnealingthesample at 85°C
evidentlyreduceghe overall spectral intensitie§igure4.2b), with thezwitterionic cysteinemultilayer
features significantly removed, which is indicabdthe shifs of both the O 1s feature at 539 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 399.4V and 401.1 eV, correspondingitdHi Si (of the interfacial layer) and theENHi O H-

51



bond, respectivelyHigure4.1). Furthermorein the spectra evolution ofatC 1s features of theysteine
film (Figure4.1c), the position of the carbox@ 1s feature is stable at 28@¥ for the first and the
second aldyers buit shifts by 0.4 eV to a lower binding energy in the multilayeile the position of
Cy 1s feature (fothe thiolrelated carbon of the chemisorb®teing is stable at 286.° 0.1 eVfor the
interfacial and trarisonal layers. On the other handhe position of G1s feature is found tshift by 0.5
eV to ahigher binding energfor thetransitional layeuponH-bondformation. The resulting substantial
reduction on in the amounoft physisorbedysteinefilm is marked bythere-appearancef theN 1speak
at399.1eV andthe O 1s feature &32.5 eV, corresponding to théorementionedhemisorbeddspecies
in the transitional and interfacial layerSurther annealing to 17% leadgo completedesoption of the
physisorbednultilayers andthe reappearance of thehemisorptiorfeatures, including the S 2s featatte
227.4 eVfor Si Si bond, and N 1s features4l.1 eV for NE Hi O H-bondand at 400.0 eV for free
amino group Annealing at high temperatuaésoleads to decomposition of the pésies toS atoms and
other dissociatedroducts. Finallyupon annealingt 285°C, the S 2peak shifts further to 226.8 eV and
the C1s, N 1s and O 1s features closely resemble those found for the interfacial layer, i.e. those obtained
with 45 s exposureBy analogyto thethermal evolution of thiophene on Si(188gand Pt(111°we
attribute the S 2shift tothe formation of atomic S on Si surfacesa®sult othe A S bondcleavage By
considering the stability of thiokysteinenanofilm, we concludéatthe 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%Nit& bond
remains intact At or above 28%C, the interfacial layer begins to break down, leading to dissociated S
atoms orthe Si surface While the interfacial | ayer represent
transitional | ayer <can bpermareng adr doende .as Tah er esnteavba b |i &
permanent and sefpiermanent 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 subgiier{dixB, Figure B3). As
expected, these spectra show that the intensity of the Si 2p feature decreases with increasing exposure
time of cysteinebecause of the growing organic layer. Annealing causes partial removakgsthime
film, 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 thfe cysteinemultilayerfilm (obtainedwith the5400s
exposure) on Si(111)7x7 aftstoring at room temperature under ultrahigh vacuum conditio?4for2,
and 120 hkigure B4, AppendixB, andFigure4.2c). Evidently, after 24 h storagehereare23%, 23%,
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and 29%reductions irthe overallintensiiesfor the respectivé\ 15 O 1s, and S 2s features, when
compared tahe asgrown multilayerfilm (obtained with 5400 s exposure). These reduciiutisate
partial desorption of the thickwitterionicfilm in ultrahigh vacuum over time. Interestingly, a wéaks
feature is also observed 399.1eV, which corresponds to the emergence of th8iNMdstructtes. By
considering the intensity of protated aminoi(NHs") peak, we conclude thtte thickness of the
zwitterioniccysteinefilm has beemeduced to 44% after 120 h storagey(re4.2c). We repeat the same
experiment for the transitional layerttained by annealing the multilayer film at 5 for 20 mir) by
storage under ultrahigh vacuum condition for 48 and 128swe shown irFigure4.2c (dash lines),
only a 10% reduction after 120 h storage is observed. This confirms that the transitional layer is
considerably more stabliean 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@ presents a summary of the bonding mad@vailable surface functional groups and
intra- and interlayer interactions for the interfacial layer, transitional layer and the multilayer film of
cysteineon Si(111)7x7 under ultrahigh vacuum conditamained byusing molecular beam epitaxy
techngue. 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 covakemingi SiN bonds in
interfacial layer are stronger than vertibd Hi O H-bondbetween 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 zwitterionidayeiltis 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 natuaad formation of these intrand interlayer Fonds in the
interfacial and transitional layers, we conduct STM studies for the early growth Biggee4.3 shows
the corresponding filleestate and emptgtate STM image@5x45 nm), collected, respectively, a2
and +2 V seple bias with a 0.2 nA tunneling current, 08 sexposure otysteineon Si(111)7x7.In
theseSTM imagesbrightened featuregenerallyindicate saturation of the dangling bosideswith the
addition of electron densifyom the adspeciesBy compaing the filledstate imageKigure4.3a, Inset)
with the corresponding empstate imageHRigure4.3b, Inset), we identify thateeh bright protrusion ia
faultedhalf unit cell(up trianglg or an unfalted half unit cell[down triangl@ represents a singt®y/steine
adspeciesntheSi(111)7x7 surfaceThe line profiles irFigure4.3c (L2) and 3g(L4) comparethelocal
densityof states (LDOSUlifferences at the marked posit®afthe corner adam (AA), restatom (RA)
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and center adatom (CAJong thdong-diagonalin the reacted unit cell with those of the unreacted unit

cell as indicated by the respective line profiles L1 and E@&dently, the bright protrusiorin the

magnifed filled-state imageRigure4.3a, Insetlappears t@over two adatoms across the dimer wall,
suggesting a bidentate adsorption arrangement involving a (C8,pa&k. We use parentheses to

indicate a monomer in bidentate agament 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-tliagonal

of the unit cell Figure4.3c, L2) further reveals the w®ametric 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 unfaulteithagfiu
(Figure4.3a, 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 talf unit cell Figure4.3c, L1). On the other hand, the emystate imageRigure4.3b, Inset) for

the unreacted unit cell shows all adatoms with essentially the same LDOS (with similar brightness) on
bath faulted half unit cell and unfaulted half unit céligure4.3e, L3). A higher LDOS is, again, evident

at CA and the intensity is clearly extending into the dimer wall in L4 when compared FiguBed.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) andeawuted (L1) unit cells using the fillesate image ifrigure4.3c.
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AARA CAO0CA RAAA Dimer wall AA CAOCA AA

Figure 4.3 (a) Filledstate and (b) corresponding emgtate STM images (45x45 Anfor a 3 s

exposure otysteine on Si(111)7x7 obtained with a sample bia22aind +2 V, respectively, and a
tunneling current of 200 pA, with magnified views (7.2x7.Z)nshown in insets; and corresponding

LDOS profiles along longliagonals [from corner atom (AA) to restat¢RA) and to center atom (CA)]

(c) L1 and L2; and (e) L3 and L4; and (d) perspective vieth@iquilibrium geometry of a/steine

molecule adsorbed throughi N and $H dissociation on adjacent center adatoms across a dimer wall on
a SbogHag Slab as obiaed by DFT catulation (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 watins 0.7

Evidently,the LDOS in the reacted uritll is much higher (~135 pm) théme unreacted one
(Figure4.3c). This asymmetrie. DOS distribution suggests theysteines attached in either a bidentate
configuratononthe (CA CA®) pair acr oss -tahgeintdractoeoratitedl | t hr ou
unidentate configuration with a second longange interaction between a CA and one of the functional
groups of the adsorbeysteinemolecule. This is consistent with the high.DOS at the CA site in the

reacted unfaulted half unit cell (L2) than that for the unreacted unfaulted half unit cell (L1), the
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Aispillovero of which into the dimer wall al so obs

our complementar)XPS resultsFigure4.1b andFigure4.1d) indicate a bidentate configuration through
shortrange interaction between the amino and thiol groups and Si adatoms at theystedse
exposure (85 sec).Furthermore, our largecale DFT study ofysteineadsorption on a model
Si(111)7x7 surface as represented by,athjs slab concludes that the bidentate adstructure resulting
from Nil H and $H dissociative adsorption of/steines considerably more stabthan any unidentate
adstructure. These results therefore provide strong support for our proposed bidentate adsorption
structures forysteineon Si(111)7x7 at the lowest exposure. Given that the separation between,the NH
and OH groups ieysteing(3.66 A) is too short to bridge two adatom sites across the dimer wall (6.77 A),
a larger separation between N and S (4.18 A), obtaingdiviiband $H dissociation, would make such
a bidentate configuration quitéable AppendixB, Figure Bs-Figure By). Figure4.3d shows a plausible
equilibriumadstructureobtained by our DFT calculation, in whitthe free carboxylic acid group located
on thefaulted half unit celsideproduces amsymmetric LDOS distribution across the dimer wall with a
higher LDOS on the faulted half unit cell sid@ the corresponding empstate imageHRigure4.3b), we
can also identify similar bright protrusions for the adsortyetkinemolecule, but with a lower LDOS
than that in the fillegstate image Furthermore, statistical analysistbése bright protrusiorabtained
for thelowestcysteineexposurg3 s) shows that theopulation of adstructuresith thefree carboxylic
acid grouponthefaulted half unit celbide is1.9times thabntheunfaulted half unit celside which
suggests that formation of the strongéMBbond occurs more favourably on the more reactive faulted
half unit cell

The hydrogen atoms resulted fralissociative adsorption afysteineare believed to adsorb on the
restatom sites. This is in accord with previous studies, aind NH adsorptioron Si(111)7x7 by
Razado et &** and by Zang et af?? who reported that thessociated hydrogen atoms adsorb on
restatom sites. As the topmost layer of the Si(111)7x7 surface (containing the adatoms) is more
electrophilic in nature while the restatom layer is nucleophilic, the hydrogen atom would therefore adsorb
on the nucleophit 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)7x7%%%

To follow the selfassembly process of adsortgteinemolecules, we shoa 30x30 nrhempty
state image for a®s exposure afysteineon Si(111)7x7 irFigure4.4. While both emptystate and
filled-state images of adsorbegsteineon Si(111)7x7 appear similafigure4.3a andFigure4.3b), the

emptystate images are more straigiward to use for identifying the distribution of adspecies over the
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unit cells for highecysteineexposures than the fillestate imagesEvidently, a highecysteineexposure
increaseshe population of multiple adjacent bright protrusions, fadimers to trimers to multimers
(Figure4.4a), when compared to very low exposuFégure4.3b). Closer examination reveals four types
of dimers (D) and two types of trimezonfigurations (T) at this exposui@®1) CA-CA and (D2) AACA,
both within the same half unit cell (faulted half unit cell or unfaulted half unit ¢BIB); AA-AA6and
(D4) CA-CAbacross the dimer walliTl) CA-AA-CA (triangular trimer)and T2) CA-CA-CA6 (| i near
trimer). The formationof these clusters is clearly mediated bypéhds. The CAAAG(across the dimer
wall) dimer configurations not observedvhich is consistent witthe large separation between CA and
AA6(10.25 A)thatis notconducive tdH-bondformation
Quite a few itect STM observatios of the NE Hi O H-bond in the selassembly of amino acids
have beemeported irtheliterature?® The LDOS profiles along the long diagonals of the unit cells
containing the Fidomaddc, C2A €AC Arbo ndoFigee4.4g( (3), and CACA-CA 6
trimer (Figure4.4j, L4), in comparison to that for an unreacted a 7x7 unit Egu¢e4.4a, L1), show the
respective LDOS for one (L2), two (L3), and three (Ey$teinemolecules attached onjadent CA
adat oms. Whil e the L2 pFigufeddmesimoafto t4mEgured38, CAG) m
shows one bidentatysteinemo | ecul e covering a (CA, CAdlleopair ac:
the CACA 6 d Figae4.4l) ¢learly 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) Emptgstate STM image (30x30 rfjrof a 25 s exposure ofsteine on

Si(111)7x7 recorded with a sample bias of +2 V and a tunneling current of 200guified images of

a bidentateygsteine moleculeta ( b) ( AA, AA6) a nbwbndmediated dinkrsfmétiAd) si t
from different unidentateysteine molecules in (d) G&A in faulted half unit cell and (e) in unfaulted

half unit cell, (f) AACA, (QJCACAO6 (across t he dA Adspifassemblddysteineand ( h)
trimers in (i) CAAA-CAand () CACA-CAd sites on Si(111)717 surface.
long-diagonals (m) L2 for monomer in (c), (I) L3 for dimer in (g), and (k) L4 for trimer in (j), all

compared with the LDOS profile Ldf the unreacted unit cell in (a).

To complement our experimental finding, we also extended oursaale DFTcalculations to
investigate differentysteinedimer adsorption configurations on Si(111)%&tifface (Appendix B
These dimer configuratiorsse based in part on those of the-ghase dimers, shown the order of most
stable to least stable iBchemed.1c-g. In particular, there are five possible configurations forlese
cysteinedimers produced by formation tfo OE Hi O H-bonds Schemet.1c), two SE Hi N H-bonds
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(Schemet.1g), one CE Hi O and oneNE Hi O H-bonds Schemet.1d), and of one of the following two
single Hbonds: & Hi O (Schemet.1e), andNE Hi N (Schemet.1f) between two adjaceniysteine
molecules. The most stable dimer involves doulifeHDO H-bonds between thedarboxylic acid
groups Schemet.1c), while tte least stable dimer contains just tweI$ N H-bonds between themino
and thiol groups§chemet.1g). (The bond energy forEoHi O H-bond is 0.5 eV lower than that for
SE Hi N H-bond). The nominal (don@rcceptor) bond distance faHbond categorized as strong
(mostly covalent), moderate (mostly electrostatic), and weak (electrostatic) bonds e, 2.53.2
A, and 3.24.0 A, respectively” As expectedthe calculated Hhond distances in the most stable dimer
formed by double & Hi O H-bonds between their carboxylic acid groups are discernibly shorter than that
of strongH-bond due to the formation of cyclic dimer.

On the Si(111)7x7 surface, dimer formation is affectedtbyic hindrancen the adsorbedysteine
molecules exerted by the surface atoms, which rule out many of tphases dimer configations
shown inSchemet.1. Our DFT calculations suggest that i€ Hi O H-bond is a favorable #ond that
would lead to acceptabbysteinedimer on adjacent CAA adatoms without torsion on the Si(111)7x7
surface. We overlay plausible configurations of suchsteinedimer on the corresponding STM images
of a CACA (Figure4.5a) and CAAA pair (Figure4.5b). Perspective views of the corresponding
equilibrium strutteeesdbfmet hadsofipbi eHigoreddbnf i gur at
andFigure4.5d. In these configurationsysteinemolecules are bound to the surface in unidentate
fashion through 84 or Ni H dissociative adsorption with the formation of the respecfiV& 8r N Si
bond. These uniderieaadspecies allow the remaining unreacted functional groups free to interact with
functional groups from a secouggsteineadsorbedn an adjacent adatogite This unidentate adsorption
in effect leads ttateralinteractiondbetweera free amim groupandafree carboxylic acid groyp
producing theNE Hi O H bond Our DFT study further shows that the domaceptor distances for these
NE Hi O H-bond configurations is 2:8.9 A, 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 ven¥ equilibrium structures ofysteine dimer on

(a, c) CACA and (b, d) CAAA sites on a ShoHao Slab (used as a model Si(111)7x7 surface), as obtained
from the DFT calculations, superimposed onto correspondagnified emptystate STM images in (a,

b). Siadatoms are highlighted by larger yellow circles for clarity.

Figure4.6a-d showthe emptystate images for fowgysteineexposures on Si(111)7%{ the buildup
toward the transibnal layerduring the early growth stagee. from 5 to 60 s exposurelsing the full
50x50 nm images (of approximatel§207x7 unit cells), we count the number individual bidentate
monomersunidentatedimersand trimers in order to estimateeir relative surface concentrations (j.e
the fractions of available surface sites that are occupied by the respgstgi@econfigurations) and the
total coverageshownin Figure4.6e. Evidently, growth begins with just thmonomer and dimer
populations on the 7x7 surface for the 5 s expogtigeie4.6a), with the relative surface concentration
for monomers being discernibly higher than that for dimersl, they become nearly equal for th@ s
exposure. The surface concentration of the monomers increases sharply by 64% from5sto 10 s
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exposure and thatecreaseslowly by 10% from 10 s to 60 gxposurgFigure4.6e, bottom panel) As

the exposure increases, the relaturface concentratierior dimers and trimeliacrease graduallyThe
bar chart irFigure4.6e (middle panel) shows the relative surface concentrations of various types of
bidentatenonomerconfigurationdcorner adatontornera d at o m ( Vséenter Adatérgenter
adat om ( CA across #é gner wdll onithhincreasingysteineexposure. At the initisgrowth
stage (5 £xposurg the relative surface concentratiortioé monomersvith the(CA,  Cdodfiguration
is found to be higher thahatwith the(AA, A @olfiguration,suggesting thahe former configuration
is more stableThis is consistent witthe results fronour largescale DFT calculation, whicilso shows
that the calculateddsorption energy of tredsorbed bidentatgysteinemonomeron( C A, iSDOASB )
eV lower thanthat ofthe adsorbedysteineon (AA, AA§ (AppendixB, Figure Br). On the othehand,
the population ratio ofCA, CtA@A, Aisdegreasing gradualgs a result of formation of dimers
and trimers configurations. For the lowest exposure ¢ ®)steine the relative surface coectrations

of the more popular types dimerconfigurations follow the orderg: CA-AA > CA-CA > CA-CAG>
AA-AA §Figured.6e,top panel). There are steadincreassin the CA-AA and AA-AAbsurface
concentrationsyhile the CACA and CAC A €urface concentratiorappear to be leveling offith
increasingexposurdo above 1Gs, which could be the rek of increasing population of the trim@CA-
CA-CA9 configuration. This evolution of the dimer growth is consistent with the more reactive CA sites
being occupied firstBased orour STM and XPS results, the coveraggpendenadsorption
configuratiors of cysteinemolecules ornthe Si(111)7x7 surfacelay an important role in the observed
evolution of the surface concentrations of these multimétsery low cysteineexposure, preferential
bidentatenonomeradsorption onthé C A, sifeA(d&cnoss tle dimer wal) is observedwhile

formation ofH-bond between the unidiette cysteinemoleculesbecomes pi@ominant at higher

exposure Moreover, at higher exposure (60 s, marked by ciiol€ggure4.6d), we can sethe

emergene ofbrighter, largerprotrusionswhich suggesthe onset of the translational layer growth, with
larger clusters arising froformation ofvertical Hbonds betweeafree carboxylic acid groufrom the
first adlayer an@namino group of the second agitm Furthermore, the growth of the translational layer
begins before formation of the complete interfacial layer
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Figure 4.6 STM emptystate images collected at a sample bias +2 V andreeling curent of 200 pA
for cysteine exposures of (a) 5°s, (b) 10 s, (c) 20 s, and (d) 60 s on Si(111)7x7 surface; and (e) lower
panel: the corresponding total coverage (Cov.) and the relative surface concentrations for monomer (M),

dimer (D) and trimer (T) configations, middle and upper panels: various type of respective M and D
configurations on Si(111)7x7 sites.
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4.4 Summary

The growth evolution ofysteineon Si(111)7x7 at room temperature in ultrahigh vacuum condition
has been studied by combining XPS chermétak data with STM LDOS images. Three N 1s features
for Ni Si at 398.9 eVNE Hi O at 401.1 eV, anéNH-" 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 stagegysteines found to undergo NH andSi H dissociative adsorption and form
a bidentate adstructure across the dimer wall of the 7x7 surface. Botstdtecand emptgtate STM

i mages reveal the presence of Dbright protrusions

which corespond to asymmetric LDOS resulting from thetof§ide orientation of the free carboxylic

acid group. As the exposure increases, more unidarystigineadstructures bonded through Sior Si

S are found. The corresponding bright protrusions begelf@assemble into dimer, trimer, and higher
order multimer configurations. The formation of these-asffembled arrangements is driven by

horizontal Hbonding between a free carboxylic acid group and an amino group of adjgstmihe
molecules. Thesgnidentate adstructures leave the carboxylic acid group free to engage other incoming
moieties, and the interfacial layer is foundvery stable anbreak dowronly at 285 °C (the maximum
annealing temperature employed in the present work). Foharhégposure, we observe the formation

of vertical NE Hi O H-bond, signaling the onset of a transitional layer (second st44&f>> which is

found to be stable to 175°C. The final stage is marked by formatioystainemultilayer film in

zwitterionic form (NH'CHCH,SHCOOQO). This study shows that a highigactive Si surface, full of Si
dangling bonds, can be easily converted to differggs of bieorganic surfaces. These surfaces, with
both carboxylic acid and thiol groups free to serve as receptor sites for incoming moieties, offer potential
applicatons in biosensing and heavy metal detection. As the transitional layer is held to the interfacial

layerbyweakFb ondi ng, this | ayer offers a Arenewabl eod
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Chapter 5
Biofunctionalization of Si(111)7x7 by L-Methionine

51AUni veThsea-ftdage Gr o-Amimo Acidls otSi(111)7x7 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 lbigses, biocompatible materials, and biomolecule
based electronic devic¥"%%%® Among the most fundamental biomolecules, amino acids and
nucleotides are the basic building blocks of the larger biological materials such as proteins, pegtides, an
DNAs. The amino acids found in proteins generallycategorizedy thdr structures(a) aliphatic
amino acids, including monoam#umonocarboxylic acids, monoamialicarboxylic acids and their
amides,amino acidsvith basic side groups, and aulicortaining amino acids; (b) aromatic amino acids;
and (c) heterocyclic amino acif§. Alphaamino acids are biorganic molecules containingcarbolic
acid ( COOH) group and an amifoNH,) gr oup, which are separated by
carbon). There are twenty different standard amino acidsGNHRCOOH), which differ from one
another withaunique functional group in the side chaidg(r oup) at t-cabdned to t he U
Oneof the most challenging questions when studyireehaviourof amino acidon a metal or
semi conductor surfacsgateupofiWhdsoiptiber?P0 cbeméendlin
phase, the most stable chemical stafeamino acids are zwittiemic state(NH;"CHRCOQ)) for the solid
and liquid phases, neawitterionic or neutrastate(NH,CHRCOOH) for the gaseous phase, and cationic
(NH;"CHRCOOH) and anionistateg NH,CHRCOO) for solutions. On a metal or semiconductor
surfaceunderultrahighvacuum (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 ats (glycine!®31%4!% glgnine!?8107108109110111

112113114115
d;

glutamic
aci and lysiné"®* "9 sylfurcontaining amino acideysteiné******?* and
methioning®>!23124123129 "3romatic amino acids (tyrosiié'?%), and heterocyclicraino acids
(proline®®**%) on various welbrdered singlerystal metal surfaces in UHV condition have attracted
much attention in surface science and nanotdolggon the two past decade$hese studies are

important not onlyto understanding fundamental interactions of larger biological molecueh @s
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proteins and peptides), but aledabricating bidnanadevicesfor biomedical seriag and molecular
eledronics. The development of future hybrid orgafiiiorganic interfacealsocritically depend onthe
nature of the substrate surface aadticularly the type ovailablebonding interactions that are
responsible foproducingstable chemical states afino acidsandultimatelyfor controllingthe
orientation, conformation, and twbmensional organisation of thxo-organic adspeciem the
inorganicsurface. For example, the bonding and orientation of adsorbed anionic form of glycine, as the
simples and norchiral amino acid, on Cu(11§ at room temperatureasfound to depend on the
coverage.Glycinatewasinitially bonded through both O atoms of the carboxylate gle@®©O) at a
low coveragebutit anchored through the N atom of the amino group and one O atom of the carboxylate
groupat higher coverageAlanine, the simplest chiral amino acid, and lysiothadsorbed in anionic
form on Cu(110¥%'*%*” and Cu(002}%'*8 surfacesat room temperature, whishas structurally
analogous to glycinadspecies with bondinga the O atom of the carboxylate group andNhretom of
the amino groupThe alsorption geometries of glutamic acwith monoamino and dicarboxylic acid
functional groupson the less reactive Ag surface walsofound to depend on the coverage. TEhes
included a mixture of thewitterionic form and neutral and anionic statesdifierentAg surface planes
such ag100), (111), and (116}

Additional reactive side groupsi,ich as those containisgffur, in selected amino acidsuld
contribute to bondingp the surfacsignificantly. Theroomtemperatur@dsaption of cysteinewhich
contains a thioli(SH) group,on Cu(111):*° Ag(111)°and Au(110Y* normally involved binding to the
metalsurface in the form dd thiolate. Methioninayhich contairs a thiol ether {CH,- S- CHs) group,
was found to adsorb on Au(114}'*° and Ag(111)**surfaces in the zwitterionform. The chemical
state oftheanchoring methionine on Cu(11#)surface ao depenedon the coverage. Analogous to
most adsorbed amino acids on copper surfaces, methionine adsateahionic form
(NH,CHCH,CH,SCH:;COQO) through interaction of th8 and/orO atoms or interaction ahe O atom of
the carboxylategroupandthe N atom oftheamino group. Adsorption of tyrosine, an amino acid
containing a phenol group, onrg@ativelyunreactive Ag(111) surface exhibited a tilted orientation of the
phenol moiety in the zwitterionic stat&. As an amino acid containing aliembered ring, proline
adsorbed on Au(lliafin a mixture of the neutral, zwitterionic, and aniof@mms, while prolate
adsorbed on Cu(118fthrough a tridentate bonding interaction via two O atoms of the carboxylate and
the N atom of theraino group.

In spite of the large number of studies of adsorbed amino acids on various surfaces-ofysitajle
metals only a few investigations of their adsorption on semiconductor surfaces have been reported. A
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major impetus behind the researchioldgical surface chemistry of semiconductors is thetentialto
convert biological information directly into electrical signals. Unlike thed@mge, norcovalent
interactions between adsorbed amino acids and metal sutfazesailability of diretional dangling

bonds orsemiconductor surfacesake feasible direct covalent bonding with biomolecules, thus
providing the opportunity to create a highly stable, multifunctional interfdagerthermore, interactions of
amino acids with metal surfacesde@® 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 interfa@eall the semicondttors, silicon is by

far the most heavily studied because of its widespread use in the microelectronic isadstry
nanotechnology applicatiofi$ The 7x7 reconstruction ofi¢ 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 (electrordeficient) adatoms and three (elecu@h) restatoms per each of the faulted and
unfauted half unit cells, and one remaining dangling bond shared among the fourlwlmsites’ The

Si surface therefore offeesvariety ofinterestingreactionsites with several different site-site

separations relevant to bimganic moleculedpr exploling the reactivityand selectivityof site-specific
processesspeciallyfor amino acids containing multiple functional groups.

Thesecondchallegi ng question when investigatinagd ami no
film growth mechanisms for their adsorption on semiconductor suffates | n addi ti on t o c ¢
bonding with the dangling bonds of Si adatom sites, amino acids also oftgrhydrogen bonding
among themselvedue tothe amino and carboxylic acid groupldydrogen bonding, both intralayer and
interlayer thereforentroduesnew film growth and biofunctionalization mechanisms. Our previous
studies havéocusedonthe earlyadsorption and growth processes from submonolayer to thin film of
several benchmaigroteinogenidiomolecules, including glycine (the simplegin-chiral amino acid),
alanine(the simplest chiral amino acid)ysteine (the simplest amino acid with a tigup), and
glycylglycine (a dipeptide of glycine), on Si(111)7x7 surface at room temperatdez UHV
conditions®***?% Alanine (NH,CHCH;COOH) corresponds tglycine (NH,CH,COOH) with the
replacement of emethanediyH atomby a methyl groupwhile methionine
(NH,CHCH,CH,SCH;COOH) represents a cysteifidH,CiHCH,SHCOOH) with the thiol group
replaced by a thiol ethgrouwp. The addition of methionine data presented here would provide a
sufficientset of buildingblock biomolecules, in terms of the varieties of functional groups and of
available molecular fggths,to allow us to deduce a common sebasicbonding rules operative on the

7x7 surface.If we define the molecular length as the separation between the hydroxyl O atom and the
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farthest norH atom along the carbon chain backbone in the molecule ywhehave a wide range of
molecular lengths from glycine (3.70, alanine (3.6&), cysteine (4.98\), methionine (7.4®) and
glycylglycine (6.10A). Thelengtts of these moleculeareobtainedfor thar most stable conformem
the isolatd molecule ase (i.e. thgasphase) by largscale quantum mechanical calculations.
Accommodatinghedifferentsizes of these aliphatibiomoleculegwith molecular lengths ranging from
3.68 to 7.40%) geometrically tdhe separations as imposed by variSusurface adatomdanglingbond
sitesis expected to lead smple restrictions fosurface bondingn the7x7 surfaceand therefore
interesting biofunctionalization outcomeBor small aliphatic amino acids, e.g., glycine, alarand
even cysteine, adsaion of more than onenoleculewithin ahalf unit cellis physicallyviable, unlike the
otherlarger biomoleculesuch asnethionine and glycylglycineThis is expected to serve as an
important criterion in guiding the loAgnge interactions.

To date, thex is nostudy onthe interaction of -methionine with any semiconductor surfacary
temperature. In the present study, we depesitethionine on Si(111)7x7 at room temperatumder
UHYV conditions, and follow the early film growth from submonolayemtdtilayers and the subsequent
thermal evolution by using a surfasensitive technique, -Xay photoelectron spectroscopy (XPS), to
guantify the chemicadtate composition. Together with largeale akinitio guantum mechanical
computation, particularlipased on density functional theory (DFT) with van der Waals corrections (D2),
we develop precise modalf the adsorption geometries at different growth stages. We demonstrate that
the driving force behind this drinolecular film growth is surfaemediatechydrogen bondingAlong
with results orthe aforementioned benchmamoteinogenidiomoleculespur results for methionine
alsosuppora i u ni v e-stageagrowth prdtesehih involvesdnitial N H dissociative adsorption
followed by an intermedie transitionalayer formationinvolving hydrogen bondand the final formation
of azwitterionic multilayer film. Like the other benchmark proteinogenic biomolecutes;mal
evolution of a thick methionine filralsofollows thereverse trend, with theequential desorption of
weakly bonded zwitterionic multilayefi s epmd r ma n e n t trapsitidtmallayer, ardl ¢he strongly
covalently bondeghterfaciallayer. Collectively, these results allow us to develop a set of basic surface

bonding rules regding these benchmark proteinogenic biomolecules.

5.1.2 Experimental Details and DFT Calculations

The experimental procedure has been discussed in detail in Chapter 2. Farghberorganic
molecular bearepitaxy chamber was used to deposihethionine witha lowtemperature organic

effusion cell (Dr. Ebert MBEKomponenten GmbH). After outgassing thoroughly overnight at 100 °C,

67



L-methionine powder (99.5% purity, Fluka), with a normal melting point at 280 °C, was exposed to the
7x7 surface at room temperatwvizh the effusion cell held at 130 ?€and the deposition chamber
pressure at 2x10mbar. After the methionine exposure on the Si surface, XPS spétteSi 2p, N 1s,
C 1s, O 1s, S 2p and Sr&glionswere recorded with an energy resolution of /7l width at half
maximum (for the Ag 3¢ photoline at 368.3 eV)We have also measured the claeel spectra of -
methionine powders, in which case an electron neutralizer was employed to compensate the minor
charging during the measurement. Thedng energy scale of the powder spectra was calibrated with
respect to that of the corresponding multilayer films liynéng the main N 1s feature (Appendix C,
Figure Q). For the thermal evolution experimentsgaswn thickmethionine films gbtained with a
2400s exposurgwere annealed sequentially by resistive heating of the sample tw&%or 175 0r285
“C, eachfor 600 s. The chemicatatecomposition®f the remaining layers evethendetermired by

XPS analysis.

To complementhe experimentalesults, weperformed DFT-D2 calculation§ ® with theinclusion of
van der Waals interactions model theequilibriumgeometrie®f plausible adsorption structuresiof
methionine on one complete unit cell of Si(111) &k Variousgrowthstagesincludingtheinterfacial
layer, transitional layer, and zwitterionic multilayédrhe DFTD2 calculations also provided more
accuratesimulaton of hydrogen bonds involved in-diolecular configurations dhe five benchmark
proteinogenic biomoleculam the 7x7 surface (and in the gas pha3&e details of DFT calculations
have been discussed in detail in the Chapter 2.

In this study, we uskan optimized structure of the dimadatomstacking fault (DAS) model for
the Si(111)7x7 substraf&’® which contairda faulted and an unfaulted half unit ceiach included 3
corner adatoms (A#) and 3 center adatoms (€An the topmost laygand3 restatoms (R4) in the
second laye(Appendix G Figure ). A periodic repeating slab consisting of 200 Si atoms, distributed
in thereconstructedopmostiayerandtwo underlyingSi bilayers with a 5.419 A lattice constant of the Si
bulk, and a vacuum gap of 12wlasused taepresenthe Si(11)7x7 surface, and the bottom layer of the
Sislabwasterminated by 49 H atoms. An adsorbate moleaasplaced on the tapost layerof the Si
slabto simulatecovalentbinding to Si adatomn theinterfacial layer.To find the most stable equilibrium
configuration, wefirst calculatel a large variety oplausibleadsorption configurations of methionine (or
other proteinogenic biomoleculas)unidentate geometrypondingthroughthe aminoor carboxylic acid
group) on specific sites on the Si(111)7x7ace (AA and CA sites on bothefaulted and unfaulted
half unit cells, and across the dinveall). A selection othe most stable geomea#swas thenmade on

the basis otheir adsorptiorenergesafter optimizationAppendix Q. To understand thimrmation of
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transitional and zwitterionic layeradditionalmoleculesvereincludedinto the equilibrium geometry of
theinterfacial layer. The positions oflhadsorbed molecules and Si atoms were relaxed during the DFT
D2 calallations. The adsorption emgy E.qis defined a&y = (Enm+sizoonad Esipoonad NEm), Where

Enm+sizoonas Espoonae@ndEy are the total energies of the adsorbdeculeon the SigHag Slab, the

SihodHa9 Slah and the isolated molecule, respectivelyd n is the number of admolézsi The Hbond
energyEy wonafor a dimoleculein the gas phase is defined ag,&qa= (Ememl 2Ev)/M, where Ee v, and

Ew are the total energies of tdemoleculeand the isolated molecule, respectively; ants the number

of H bonds

5.1.3 Results and Discussion

Schemeéb.1 shows the equilibrium geometries of neutral awdterionic forms ofthe five
benchmark proteinogenic biomoleculgbicine,D-alanine,L-cysteineL-methionine, and glycylglycine
in their isolated molecule state, that are obtained by-DETalculations In our earlier study of glycine
on Si(111)7x7**we observed the existence of a transitional layer between the interfacial layer and
zwitterionic layer for the first time. In our followp study of glycylglycine on the 7x7 surfdéewe
proposeda growth model involvingequential formation of the covalently bondietrfacial layer, the
hydrogenrbond mediated transitional layer, and the zwitterionic multilayer. In our recent work on
cysteine on Si(111)7x%we again observed a thrsgegrowthprocess, from chemisorbed interfacial
layer (first stage) to transitional layer (second stage) and to zwitenadiilayer film (third stage). For
t he s mal lamisotacid; dlanimeathe sdhe growth sequence prevailed and we found the formation
of interlayer hydrogen bonding between the transitional and interfacial fAy€osfurther investigate the
universality of the growth process of the aforementionalthino acids, we first provide XPS analysis of
the other sulfucontaining proteinogenic amino acidethionine, and follow the chemiestate evolution
of its nanofilm growth from submonolayer to multilayers on Si(111)7x7. We then compare the
experimatal data of alfive benchmark proteinogeniiomoleculegshown inSchemeb.1) with the
respective largscale DFTD2 calculationsin order toprovide a completdescription othe adsorption

structures and the underlyingnoflm growth mechanisnon the Si surface
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Glycine Alanine Cysteine Methionine Glycylglycine

Neutral

Zwitterionic

Schemeb.1 Ball-andstick models of neutral and zwitterionic equilibrium structures of isolated aliphatic
proteinogenic biomolecules: Glycingsalanine L-cysteine L-methionine, and glycylglycine. These
structures are generated by DBZ calculations and the molecular lengths (i.e. the separation between
the hydroxyl O atom and the farthest Agratom along the carbon chain backbone) are shown in
angstrom (A). Na&hange 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)7x7

Figureb5.1 shows the O 1s, N 1s, C 1s, and S 2s spectra of methionine as a function of exposure time
at room temperature anghon annealing the thickest methionine filnetevatedtemperature. The
corresponding peak positions and assignsweitained for the fitted féares are summarized frable
(Appendix Q, while the changes in their relative intensities are gimdfigure G (Appendix Q. Instead
of one dominant feature for the lowest exposure (30 s), ad@tds peak is found to emerge at a higher
binding energyor the 90 s exposuré&igure5.1b). This is in good accord with the presencehafOi
HEN hydrogen bond at £O01.00 dedbndjfwhickds fadndy e camsnen i
inthec h e mi s o r-gminb acils (@d., cySteine, glycine, and alariff@j T h eamito acids and
peptides undergoiM dissociative adsorption on Si(111)7x7 surface at room temperaturé Migdnhd
cleavage, as indicated by tN&Si N 1s feature located at a lower binding en€B8$8.7 eV) The
absence of any feature related to neutral amino giiduid) at ~400.0 e¥° further suppogthe
chemisorption. While bidentate chemisorption of cysteine via additional cleavagetbidihgroup has
been observed at very low exposure by’use same binding energy position of tberresponding S 2s
featurefor various methionine exposurissconsistent with an intattiol ether { CH,i Si CHs) group

(Figureb5.1d andTable ). With two strong €S bonds in the thiol ether groupetsulfur atonin
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methionine with its lonepair electrons, could still undergo longnge interaction with a Si adatom or
restatom nucleus, which could perturb the final equilibrium configuratiomnth&more, hie best fit for

the C1s spectrumKRigure5.1c) is obtained by using four components (from low to high binding energy):
TCH,i', TCHJI Si CHs, 1 CHi NHi , andi COOH, with atomic ratisof 1:2:1:1, in excellent accord witheh
stoichiometric composition and with the chemical state of the nelghgidrogenatechethionine
adspeciesFinally, the O 1s spectrum for exposure below 90 s is consistentheitArbonylcomponent
(rC=0)at 532.2 eVand hydroxyl oxygeni©OH) at 533.1eV.

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 dimvall of the 7x7 surface and calculated their adsorption
energies. The equilibrium unidentate adsorption configurations on the 7x7 model surface obtained by
DFT-D2 calculations are shown Figure Cl (Appendix Q. Among the calulated adsorption
configurations involving bonding through the dehydrogenated amino group with the rest of the adsorbate
overhanging across the di mer wall , tatresstheaimenet ry
wall (Figure Glal, with a separation of 2.55 A 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 $n€ ®ackbone) near parallel
(Figure Gla 2, wi oS sspara@of 6f 4.26 A) and near perpendicular tadgitom surface plane
(Figure Gla3,wi t h aS sfepadtion af 5.12 A), respectively. (We use the prime sign to denote an
adatom or a restatom in the unfaulted half unit célby other unidentate configurations involving
methionine on the CA site thin a half unit cell Figure QGlb1-Figure Glb4), the configuration with the S
atom atop of a Si restan is the most stabl&igure Gb1, with a separation of 2.33 A between a Si
restatom and S). The adsorption energy of this configuration is also 0.224 eV lower than the unidentate
configurationacross the dimer walF{gure Glal). 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 th#hat on the AA siteRigure Glb5). While the S atom in methionine
is not involved in direct covalent bonding with the 7x7 surface, the separation between the S atom and Si
adatom/restatom controls the strength of the latter-fanged weak interaction, which ultimately
governs the final adsatipn geometry Furthermore, the plausible unidentatisorption configurations
observed by our companion STM study for the initial growth $tagave idetified by asterisks in
Figure G (Appendix Q. STM results argivotal in identifying sitespecific process and ahitio
calculations alone, even the larggale one shown here, could not provide the completarpicilo

understandhe STM resultswe must consider the importance of sipecific 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)isore electrophilic than the AA site (with a formal charge-6tf/12)

while the RA site (with a formal charge of B is nucleophili¢the incident molecule would be

preferentially guided by the electrostatic field provided by the CAaiteer than AA siand would

thereby orient itself appropriately to attach to the CA site. Furthermore, given that adsorption on the CA

sitein the faulted hal@init cellis also more energetically stable than that on the unfaultedatell

(with anenergy differene of 0.050.08 e\, themolecule would adsorb more favourably on the CA site

than the CAO6 site, which is also coll aborated by
In contrast tesinglecrystal metal surfacesuch asAu(111)° and Ag(111) surface$? on which

methionine adsorbs in zwitterionic foymethionine chemisorbs on Si(111)7x7 in the neutral form to

produce the interfacial layer for submona@agoverage. This is similar to that found for other

proteinogenidiomolecules For cysteine with three functional groupsve determine that the thiol

group is generally more reactive than the amino group for interacting with the dangling btivels of

electrophilic Si adatom sites. Our studiéso show that the carboxylic acid group remains irfitact

adsorption orthe Si(111) surfac&®*32°® unlike copper surfacg§3106108116117129 Aq theS atom is

terminated with a methyl group inghhiol ether group and it appears not to play any role in direct

covalent bondingchemisorption of methionine via the amino group on Si surfaces is therefordythe o

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 speatrmethionine deposited

on Si(111)7x7 as a function of exposure time and of thiepesited 2408 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 oOi HE N hydrogen bonding feature in methionine with increasing exposure (180 s and
albove) has been observeeigure5.1b ) , as si mi |l arl y f ou-aminoacusathee adso
Si(111)7x7 surface. This feature indicates the formation of interlayemid (heado-tail) between a
free carboxylic acid grup of one amino acid molecule in the interfacial layer (first adlayer) and a free
amino group of a second amino acid moleculthés e c ond adl ayer, the fAtransit
observed respective increasing and decreasing N 1s ifgensithe Q HE N andi NHi Si featues from
90 s to 270 sHigure G, Appendix Q areconsistent 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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dehydrogenatedmino group, in contrast to an adsorbed cysteine moleculedahlatunidentately attach
through either theehydrogenatedmino or thiol groug® formation of intralayer OHE N fiflato (head
to-tail) H-bonding among methionine molecules in the interfacial layer is therefore muckégsghian
cysteine molecules.nlthe methionine case, there is no free amino gro@mable Hbonding with an
adjacent carboxylic acid group, unlike the cysteine case, in whithiaramino group not involved in
bonding to the surface is freely awdile to form dlat Oi HE N H-bond.

Our alculations, howeveshow thathe most stable configuratiolm accommodaté f | Habbnals
in the interfacial layer involvesouble GE Hi O H-bonds between two vicinal carboxylic acid groupis
two methionine molecules (hesothead) athe CA-A A 6éitesacross the dimer walF{gure Gal,
Appendix Q. Similar dimerization of adsorbed cysteine on Au(110) surface has also been observed by
STM** This double Hbond configuration is followed by a slightly less stable configuration containing
single GE Hi O H-bondwith one methionine molecule anchoredt@A while the second methionine
mol ecul e h o v esiteacnogs the dirmer wallk{gu@A5a2 Appendix Q. The low intensity
of the broad O 1s spectrum for films olpid with low exposure (<3§) Figure5.1c), for which the
presence oBE Hi O H-bonds is expected, does not allow a definitive fit to isolateQ&eHi O H-bond
feature at 532.2 e¥#> Our STM results for the interfacial layer (obtained withsidxpsure) supports
the presence of the singliE Hi O H-bondconfiguration shown iffigure Ga2 @Appendix Q.** We
havealso 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 lemftimethionine (7.40 A)We therefore conclude that
aliphatic longchain amino acidsuch as methioninéhat areunidentately adsorbed through i
linkage orthe 7x7 surface, could only maketraayer CE Hi O H-bondsacross the dimer wa(flat
configuration) due to size effect. In the other set of BBZ calculations, we consider a large variety of
interlayerHbond wi th Al-aeetakal andonfhéegurati ons bet ween
corresponding to the molecular backbone of the sesmiédcule 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 figure Gbl-Figure Gbl12 (Appendix Q. We designate these whiolecular
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 o
in the same half unit cell, respectively. The orientation of the second adsorbed molecule relative to the
first adsorbed molecule is identOurDFTddredultsshpvar ent he
thatthe most stable lateral configuiahsto accommodatiterlayerH-bonds includelouble CGE Hi O H-
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bonds between twacarboxylic acid groupsf two methionine molecules that can be ruletityguour XPS
results Figure Gb1l, Figure Gb2, Apperdix C). These are followed by lateral and reartical
configurations involvingnterlayerOi HE N H-bonds formedetween a freeacboxylic acid group in the
interfacial layer and an amino group in the transitional laieilar to that found for the smal amino

acids (e.g. glycine)Higure Gb3, Figure Gb4 andFigure Gb6, Appendix Q. Table @ (Appendix Q
summarizes these-diolecular adsorption edigurations, 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 neartical configurations due to possible lerange interactionwith the
surface in the former to form the transitional layer, while the adsorption energy of the flat configuration is
the most negative on®n the other hand, an amino acid with a thiol group, ssclgsteine, could

produce @HE N H-bondsthrough botHlat and lateral/neavertical configurationdecause of free amino
groupsin the interfacial layer within the half unit cell or/aadross the dimer walF{gure @&, Appendix

C).

The XPS spectra for the methionine multilayelsained for the 1088 exposure on Si(111)7x7
(Figureb.1) are found to be similar to those for methionine powder in the solid phigsed CL,

Appendix Q. The single O 1s and N 1s features represespectively, the carboxylateQOO ) and
protonatecamino groups-(NHz") in the zwitterionic state for methionine

(NH;"CHCH,CH,SHCH,COQO). Similar zwitterionicfeatures have also been observedtier
aforementioned benchmark proteinogenic biomoleculé®- NH;" N 1s feature for the zwitterionic
layerobtainedfor the1080s exposurelso nearlydoubles in intensity with respect to that for the
transitional layefor the540-s exposure Figure Ga, Appendix Q. Uponfurtherdoubling the

methionine exposure from 1080 s to 2160 s, the intensity ofNkg" feature increases only by ~10%
(Figure Ga, Appendix G, which indicates that the zwitterionic layer obtained for 1080 s has reached a
sufficienty largefilm thickness above the electron mean free path of the photoelectrons.

In Table5.1, we summarize the XPS peak positions and their assignfoetite five proteinogenic
biomoleculesadsorbedn the Si(111)7x7 surfacen accord with their threestage growtlat room
temperatureThis reference tablwill provide an important guide tollow the adsorption of other amino
acids and larger biorganic molecules, such as proteins and peptethe reconstructed Si surfaces.
Foramino acids and peptides with oégyminalamino and carboxylic acid grougie biomolecule
covalently bondso appropriateSi adatom siteanidentagly through dehydrogenateanino groupwhich
builds upthe interfacial layer Forthe amino acid vth additional terminafunctional group, such as thiol,

the moleculeanalsobind bidentately to adjacent Si adatom sites at very low coveragtheFaxposure
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produces théransitional layerthe formation of which igriven by G HE N H-bonds between faee
carboxylic acid group in the first adlayer and a free amino group in the second .a&iagdy,
zwitterionic structure areobtained with continued exposure upon completion of the transitional layer

We also study the thermal stability of the metiine nanofilm (obtained with the 24@0exposure)
on the 7x7 surface by annealing the film for 6@0 slevated temperatures (85, 175, and 23%&nd
perform XPS analysis after the sample has been cooled back to room tempé&rateatly, annealing
the film at 85C completely removes the zwitterionic methionine multilayer features, as indicated by re
emergence of two N 1s features related to the interfacial layeo #mel Hbond formation and by the
shift in the O 1s feature back to the positiontfa carboxylic acid grou@~igure5.1). The overall
spectral intensitiesfd 1s and N 1s peakBifure Gb, Appendix Q decreasavith increasing annealing
temperaturéo 175 C, indicating reduction ithe amount of physisorbed methionine in the filror
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 at28Wicating dissociationf the
methyl group.By analogy to the thermal evolution of thiophene on Si@8and Pt(111*° we attribute
the S 2s shifto the formation of atomic S on Si surface as a resulii 8 libnd cleavagel-romthe
observedhermal stabilies of the thick amino acid nanofilms (itiéonine, cysteine, and glycipen
Si(111)7x7 surface, we conclude that the stabilities of zwitterimniltilayer and transitional layer
depend on the extent and strength of the laygerand interlayer hydrogen bondinddoreover, the
interfacial layer secured through ttiehydrogenatedmino group oproteinogenic biomoleculem Si
danglingbond sitegs stable until decomposition of amino acadsove 200°C, which confirm the strength
of thei HNT1 Si covalent bond between thdsorbatend Si surface.
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Table 5.1 Binding energies (in eV) of fittedgak maxima for various XPS celevel features and their
assignments for three growth stages on Si(111)7x7 surface for glycine-&nibe (A), Lcysteine (C),
L-methionine (M), and glycylglycine (GG). The values apply to all five benchmark proteinogen

biomolecules unless otherwise the application to specific biomolecules is indicated by superscripts.

Core level Assignment Interfacial layer Transitional layer Zwitterionic layer
) O_H 532.5533.0 532.2533.0
O 1s -C=0
_NH-C=0 532.7°°
-COO 5318-531.9
- NH- Si 398.6399.1 398.7399.1
-NH,
N 1s _NH. CO. 400.6°°
OiHEN 401.6¢ 401.0401.164CM
- NH;" 401.7.402.2
-CH,- S Si 284.F 284.%°
- CH,- SH 285.6° 285.6° 285.9286.¢°
CHs- 285.3' 285.3 285.3'
- CH,- 285.285.¥ 285.2285.4 285.4285.8'
C1s -CHy S CH; 285.7.285.8" 285.8285.9 285.9"
-NH- C=0 288.1°¢ 288.4288.7° 288.9°¢
- CH- NH- 286.3286.9 286.5286.9
- CH- NH;" 286.7286.9
- COOH 288.9289.7 288.9289.7
-COO 288.7289.0
-S S 227.4 227.4
S 2s - SH 228.4 228.4
-CH,- S CH; 228.1" 228.1" 228.1"

51.3.2A Uni v er s-&thgd Growthr Appticable to Methionine on Si(111)7x7

In Figure5.2, we summarizeur largescaleDFT-D2 calculations for théhreestage growth of

methionine on a Si(117¥7 supercelthatconsiss of three complet&x7 unit cells. In the interfacial
layer,a methionine molecule birsttovalently with the dangling bond afSi CA via a déaydrogenated
amino groupwhich gives rise to a large variety of unidentate adsorggmmetries on specific sites of
the 717 hal f

long-range interactions of other functional groupg(re G, Appendix Q. The magnified sie-view of

surface within a uni t cel | and

interfacial layer Figure5.2a) shows amethionine moleculanchored to a Si adatom witlcavalenti
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HN1 Si bond leaving thecarboxylic acid { COOH) groupree to interact with a second methionine
molecule Similarto that found formethionine adsorption on Cu(1165our DFT-D2 calculation

suggests that th& lone-pair electrongouldinteract withother nearbysi adaom/restatom Since the

XPS result shows ndetectablehang in the position of S 2s peak over various methionine coverages,
thus reinforcing our hypothesis that the thiol ethrewg is intac{without dissociatiorf the terminal
methyl group, there is only wealong-range interactiobetweerthe lonepair electron®f theS atom

and theadjacenSi surface atom Furthermore, the calculated equilibrium configuration of the
trarsitional layer containinterlayerOi HE N H-bond(with a bond length of 1.62 Ajetweerthefree
carboxylic acid groupf the first adsorbed methionim@da free aminagroup from a second methionine
molecule(Figure5.2b), which siggests that interlayer H bonding is the driving force in the formation of
the trangional layer. Finallybothintralayerand interlayer @ Hi N H-bonds lead t¢he formation ofa

stable zwitterionic layefFigure5.2c),?%®

which isweaker tharthe ransitional layer held together by the
Oi HE N H-bonds. Our DFT-D2 results demonstrate that intralayer interactions via hydrogen bonding
(OE Hi N H-bonds) between neighboring negatively charged carboxylate groQEX¥0 ) and positively
chargedprotonatecamino groups(- NH3") lead to the formation of the zwitterionic layefurthermore,

the zwitterionic layer is connected to the transitional layer thrintghlayer GE Hi N H-bondng
betweerthe carbonyl group-{C=0) of afree carboxylic acidjroupin thetranstional layer andhe

- NH;" groupin the zwitterionic layer and interlaye©i HE O H-bondng betweerthe hydroxyl group

(- OH) ofthecarboxylic acid irthetransitional layer anthe- COO groupin the zwitterionic layer. As
the result otheseweak interations, the zwitterionic layer is not as stable as the tranaltiayer and
interfacial layer, whiclis confirmed by the thermal evolutioh XPS features shown ifigure5.1 and

Figure Gb (Appendix Q.
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(c) Zwitterionic layer Intra- & interlayer H-bond

YAy S —H,N *~H---0CO—
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..N
N

(a) Interfacial layer Covalent bond
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Figure 5.2 Threestage growth model afmethionine on Si(111)7x7 surface: Perspective views (left
column) and magnified side views (right column) of (a) an interfacial layer, (b) transitional layér) and
zwitterionic layer. All of equilibrium configurations are obtained by EIFA calculations using a
supercell of three 7x7 unit cells, each of which is represented byd;Sslab, to model the 7x7 surface.
Magnified sideviews show (a) a methionimaolecule adsorbed on a Si center adatom, (b) an interlayer
NE Hi O H-bond between molecules in the interfacial and transitional layers, and (c) an additional
interlayer GE Hi N and CE Hi O H-bonds between the transitional layer and zwitterionic layer, and
intralayer zwitterionic hydrogen bonding E®i N H-bond). For claty, 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
whitenedfor easier identification.
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5.1.3.3 Hydrogen Bonding in Universal Three-Stage Growth of Proteinogenic Nanofilm on
Si(111)7x7

Hydrogen bonding represents the most important interagtidhe formation of proteins and larger
biologicalmaterialsrom theamino aa building blocks Quantitative studies of these interactions are
very useful not only for thenderstandingf a number ofmportant film growth andbiological processes
in physicochemical terms, but also for sglfjanization andssembly of supramolelar nanostructuse
on thesurface?®’ Althoughthere are a number of theoretical studiemwamolecular Hoonds of free
glycine, alanine, andysteineconformersn the gas phase in the past two decdtfg&?29230231232 gy 5
few have reported the bond strengths and bond lengths of intermolegpdiagenbonding
interactions®** With the data on methionine and additional calculations for the other proteinogenic
biomolecules presented hevee could provide a more complete picture and particularlysgpeific
investigaton on this important interaction, by usiBdT-D2 calculatioms to discoveroptimizeddimer
configurationsand common hydrogen bonding trerfidsthe aforementioned benchmamioteinogenic
biomolecules. Dimolecular structures resulting from formationvafious Hbonds between different
functional groups of isolateddoinolecules are shown Figure5.3. The presence of twerminal
functional groups, amina NH,) and carboxylic acidi COOH) groups, in glycine, alanine, and
methibninecould lead to the formation ébur types ofsingle Hbonds (Oi HE N, Oi HE O, Ni HE N, Ni
HE O) and twotypes ofdouble Hbond configuration§2x(Oi HE O), 2x(Ni HE O)]. The Hbondsin the
dipeptide of glycindglycylglycine)is similar to glycineexcept for themissingdouble N HE O H-bond
configurationdue tothesteric hindrace effect Furthermorel -cysteine is a good representative of
aliphatic amino acids with the addiohctionality of athiol (i SH) group in the side chain serveas aH-
bonddonor or acceptorThe thiol group gives rise four additional types o$ingle Hbonds (Oi HE S,
SiHE O, NiHE S, S HE S)and one moréype ofdouble Hbondconfiguratiors [2x(Si HE N)]. In the
gas phaseadditional stabilization is observed whiwuble Hbonds between twibtCOOH groupsare
formed to produca cyclic di-molecular configuration. The-Hond energies for these doublebdnd
arrangements a®66-24.22kJ/mol higher thatwice thecorresponding single 4dond arrangements
formed between twoCOOH groups. Amonthesingle Hbondconfigurationsthe @ HE N bond is the
strongest, which is in gal accordvith what makesheamino acids the basic building bledk
biomolecular systemsTheH-bondlengthin di-molecular configurations a$olatedaliphatic amino
acids in the gas phase follows thereasingrend

OiHE N < OiHE O < NiHE N < Ni HE O,
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with the OH group being th&tronger H-bonddonor group than the NH group. Réhthe sidechaini SH
H-bonddonor and/or acceptor in cysteiare includedthe corresponding trend for thiebondlength
becomes

OiHES<SIHEO<NIHES &HES,
in which theOi HE S bondength for cysteinés discernibly longer thathe Q HE O bondiength for the
other amino acidsAs the Hbond length is inversely related to thebBind energy, the corresponding
trends for the bond energy follow the reverse trends for thelbagth. It is clear that thei®l group is
a stronger Fbond donor than NH group, with tle S H group being the weakest.he reference
structures shown iRigure5.3 are expectetb provide a useful guide the type ofplausiblehydrogen
bonding formation and theaipproximate bondtrengthsamong larger bi@rganic moleculesncluding
otheramino acidanddifferent peptides and protein¥he general trends in-Hond strength obtained
aboveshouldalso offer insightso H-bondformation on surfaces, which are important to

biofunctionalization and biodevice fabrication.
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[Bond Energy Glycine Alanine Cysteine Methionine Glycylglycine
(kJ/mol)]
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Figure 5.3 Di-molecular structures resulting from formation of various types-bbhds (marked by
dashedines) between different functional groups of isolated biomolecules. These models are generated
by DFT-D2 calculations. The calculated bond length (A) is depicted along with the corresponding bond

energy (kJ/mol) shown in square parentheses. The melictile gray oval is shown with the
>C1 COOH group 1in
additionali SH donor or acceptor-Honds in dimolecular configurations of cysteine.
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On the surface, dnoleculeformation is affected not justy the surface bonding used for anchoring
the adsorbate tihe surface throughpreferedfunctional grougbut alsoby steric hindrance on the
adsorbate as imposed by the surface asimdsother adsorbate§ hese constraistrule out many of the
gasphaseH-bondeddi-molecubr structuresshown inFigure5.3. Furthermoreour DFTFD2 calculation
shows that the available physical separations between setationsiteson the 7x7 surfaceanalsobe
used to eliminate a number of gaisase hydrogen bonding possibilities. Based ouwlitheradatom
stacking faulimodelof Si(111)7x7 Figure @, Appendix §, we could categorize a dangling bond pair
between adjacent Si sitesarihe followingtwo groups with their respective separations between two Si
atoms indicated in parentheses
(A) Two Si siteswithin a half unit cell CA-AA (7.72A), CA-CA (7.66A), CA-RA (4.55A), AA-RA
(4.46A), andAA-corner holg8.25A); and
(B) Two Si sites across tiémer wall of adjacent half unit cellSCA-C A 6.77A), AA-A A 6.714),
andCA-AAG6 (AD. 25
These separations represent the available Apitcho
covalent bonding with appropt&functional groups of the biomolecules.
In analogy to methionine, the-bbnded dimolecular structures of proteinogenic biomolecules on
Si (111)717 surface can also be categ-bandsméhd as eit
interfacialby er or fAivetrern a&lad /00 we®arf i g iaondsttoifovmhe trafisibianal i nt er |
layer (Table @, Appendix Q. In the interfacial layer athe smallest amino acidlycine the molecule is
bonded covalently throinghei NH functional group t@ Si adatom on the 7x7 surfaae supported by
our XPS datalt is therefore not possible form Gi HE N, Ni HE N, and N HE O (single and double)H
bonds betweea pair of glycine moleculefue to the use of N in thei[Si bond formation). This i
contrast to the transitional layer in which the formation b N and N HE O (double) Hbonds
becomes viableUsing largescale DFTD2 calculations, we obtain the equilibrium structures and
adsorption energies of all other possiipiealayerflat di-molecular hydrogen bonding configuratiqirs
theinterfacial layer) andéhterlayer lateral and neaertical hydogenbonding configurations (ithe
transitional layerpn our SixodH4e model surface Altogether, a total of well over 120 optimized
configurations have been successfully compimedhe five proteinogenic biomolecules on the model
surface, which repsents the most comprehensive computational study for these biomolecules (supported
on any surface) reported to dat®mong all of these dinolecular flat configurations containing
intralayer hydrogen bonding that are covalently bonded to the Si adatmugtilthe dehydrogenated

amino group, theyclic di-molecubr structuravith doubleOi HE O H-bonds across the dimer wall
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(Figure5.4aland5.4a2), singleOi HE O H-bond across the dimer wélfigure5.4a4),andwith Oi HE N
H-bondwithin a half unit cel(Figure5.4a3)are found to be the most stable in the interfdaigr, while
both lateral Figure5.4b1-5.4b4) or neavertical Figure5.4c1-5.4c4) configurations of five
proteinogenic biomolecules (except glycylghe) involving interlayeiOi HE N H-bondare the most
stable structure in theansitional layerThe former flat arrangements including intralayeldhds are of
1.42.3 eV and 1.2.5 eV stronger than the lateral and reantical arrangementsith interlayer H
bonds, respectivelyf-or the neawertical configurations that are supfeat by our XPS result§éble C,
Figure G-Figure ®, Appendix Q, the @ HE N H-bond length is shorter than th& INE O H-bond
length, which is in good accord with the trends founddiemolecule sgtems in the gas phadédure
5.3). For bothglycine (Figure &, AppendixC) and alaningFigure @B, Appendix Q, our DFT-D2
calculationsshow thatthe cyclic ubleOi HE O hydrogerbondingflat arrangement&Figure5.4al and
5.4a2)provide the most stable interfacial bonding on the Si surface, thiil& HE N hydrogenbonding
providesthe bestateral(Figure5.4b1 and5.4b2 and neawertical configurationgFigure5.4c1 and
5.4c2) to form the transitional layerThese calculated configurations are supported bXB& results.

Among the XPS studies on the adsorption ofafeeementioned be&mmarkproteinogenic
biomolecules, cysteiriis the only amino acid exhibitig aN 1s featurghatcorrespondto Oi HE N H-
bondin the interfacial layer. Our larggcale DFTD2 calculation shows that the configuration with the
lateralOi HE N H-bond Figure5.4a3,Figure Gal) is only slightly more stable (by 0.015 eV) than that
of the doubleDi HE O H-bondin cysteine Figure (Ga2), in contrast to other amino acids. B other
S-containingaliphatic amino acid, methioninthemost stable configurations wiftat and lateral/ near
verticalhydrogen bondingrethe singleOi HE O H-bondconfiguration(Figure5.4a4) and ®HE N H-
bond configuratiorfFigure5.4b4 and5.4c4), repectively. Howevennethioninedi-molecules are
physically too largdéo formlateralhydrogen bonding withia half unit cell because @icompatibility of
their sizewith respect to the separations of Si adatoms within a half unit cell

For the simplespeptide, glycylglycine, with amino, amide and carboxylic acid groups, our XPS
result provides strong evidence for bidentate configuration through €itlveand N H dissociation or
double N H dissociation in the interfacial lay&t: The possibility of forming lateral ##onds between
two glycylglycine molecules adsorbbedlentately on the Si(111)7x7 surface is unlikely because of
incompatible molecular dimensions with the separations between adjacent Si adatoms. Among all the
configurations containing neaertical Hbonds Figure ®, AppendixC), our DFTFD2 results show that

the configuration with th€=0E H- 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 abseno@'fd*ﬂﬁrhy H-
bondin the transitioal layer->!
The adsorption energy of the flatmiiolecular structxes involving intralayer HFbonds of the
benchmark proteinogenic biomolecules on the Si(111)7x7 surface follows the trend:
Cysteine > Methionine > Alanine > Glycine,
with cysteine being 0& 0.46 and 0.60 eV more stable than methionine, alanine, andaglycin
respectively. On the other hand, the corresponding trend for the adsorption energy ofteeticahd
molecular structures involving interlayeriddnds becomes:
Glycylglycine > Methionine > Alaniné Glycine > Cysteine,
with theOi HE N H-bonds forthe 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 biotasleontain various moieties
with a wide range of adsorption energy on Si surface, the resulting interfacial layer and transitional layer
of fer new opportunity of creatpiemgnametntijou dti ofi perrcma
respectively.
From our DFTD2 results of dimolecular configurations of the aforementioned proteinogenic
biomolecules in the formation of the interfacial and transitional layers on the reconstructed 7x7 surface,
we summarize a few general observations here to guideefinvestigations of the growth processes of
other amino acids and larger biological molecules.
@DMost, if not all, aliphatic pr ot e-stagofijmegrowtt bi o mo l

process on Si(111)7x7. Of all the studies reportethte;>>*>*>"

we have not seen any exception.

(2) The formatiorof intralayer Hbonds in the interfacial layer leads to a more stable configuration (flat
configuration) than the formation of interlayetddnds in the transitional layer (lateral/neartical
configurations), with the more parallel configuration wiispect to the surface being more favorable
than the tilted or more upright configurations.

(3) The interlayeiOi HE N H-bondbetween a free carboxylic acid group in iherfacial layeand a
free amino group in thigansitional layers found to be the most common mechanism in the early
growth stage of these aliphatic amino acids.

(4) The formation of intralayer Hhonds between two adsorbed biomolecules in the interfacial lay
depends on several factotige size, nature and available variety of the functional groups, conformer
configuration, nature of possible adsorption sites on the surface, andhistdranceamorg
adsorbates and between an adsorbate and the surface registry.
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(5) In the case of interlayer-bHonds, not only do the orientations of both the first and second adsorbates
play a crucial role on the adsorption energy, but also thaé#eificity of the Ssurface could affect
the formation of a viable stable system.
These proposed rules inferred from our BBZ results of the aforementioned benchmark proteinogenic
biomolecules can be tested on other aliphatic amino acids and larger biomolecules. Teeysshto
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 twenmgenic
biomolecules connected by a#) flat configurations with intralayer-blond in the interfacial layer, (b1
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