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Abstract

The synthesis ofwo-dimensional organic nanostructures on matad senctonductingsurfaces is
studiedunder ultrahigh vacuun{UHV) conditions.Three halogenated organic molecuégsinvestigate

using scanning tunneling microscopy (ST both metal and semiconductisigbstrates

The first system studied the adsorption of brominated tetrathienoanthracene (TBTTA) molecules
ontotheSi(111)a 31T & 3 -AR® 0 A 1 1Ag) surfac at roontemperature. STM imagesveal that
at low coverage, thanolecules readilymigrateto step edges and defects in @@ ovetayer. With
increasingcoverage, the molecules eventually fomompact supramolecular structurest higher
coverage(0.4 - 0.6 monolayes), the spatiakxtent of the supramolecular structures is often limited by
defects in the underlying3 layer. Our results suggdsat thed3-Ag surface provides a relatively inert
substrate for the adsorption of TBTTA molecules, and thagupeamolecular structureseeheld together

by relatively weak intermolecular forces.

Thesecond organic molecule investigaied,4,6tris(4-iodophenyl)1,3,5triazine (TIPT) Molecules
are depositedonto two related surfaces, Ag(111) a8d ( 1 1-Ag) Ona&he& Ag(111l) surface, TIPT
molecules dehalogenate spontaneougdgn deposition and fornorganometallic structureat room
temperatureGentle annealing at 300 € leadsto a more ordered molecular network characterized almost
exclusively by hexagonand polymerization was confirmed after further annealing at 3%0n the
Si ( 1 xAg¥yufa&edIPT moleculegemain largely intact anebadily diffuse to step edges and defects

inthed 3 o0 v e Atlloa goeerage, most images display regularly spafteaty ine s 6 whi ch i r

molecular diffusion at room temperaturt higher coverag€0.4 1 0.8 monolayes), supramolecular
domains are formed he geometry of the cell is similar to an energy med 2d freestanding TIPT

layer determined by DFihdicating thatde-halogenation does not occur on the ( 1 :AQg surfacdat



room temperate and that the supramolecular domains are characterizaifptzpag rows ofintact

monomers held togethprimarily by H hydrogen -like bonding.

Finally, the adsorption of,6,10tribromo-4,8,12trioxa-3a-azadibenzo[cd,mn]pyren€BTANG)
moleculess detailed on both Au(111) arfli ( 1 1-Ag)urféc®. DosingTBTANG molecules onto a
Au(111)surfaceat room temperatudeadsto the sefassembly of intact moleculegile deposition onto
a hot Au(111) surfacgields a completepolymerlayer. On theS i ( 1 1-Ag)surféc8the nolecules
display high mobility. With increasing coverage, TBTANG exhibits loaggeselfassembly of intact
molecules. As the coverage approaches one monolayer, thessethbled layer extends over the entire
surface. D e fAg subsiratei affect thiniegritya 8f domains, but do not limit the size.

Preliminary annealing experimés do not lead to polymerization of the TBTANG layer. Rather, annealing

at ~ 90 |l eads to disordered regions which nucl
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God made the bulk;
the surface was invented by the devil.

- Wolfgang Pauli
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Chapter 1

Introduction




Understanding and manipulating matter on atomic level are considered key goals ingsatenaé.
To investigate how atoms and molezsilarrange themselves into novel structugesn depositionand

understand the resulting emergent behavior and interesting phenomena has attractedreseatielsar
[1].

The year 1981 can be consideredhilestone for surface science, sincerhles of the gamewere
fundamentally changed when the first Scanning Tunneling Microscope (8a8/ihventedi2]. Although
a large number of techniqudsad been applied in surface science before tlati-energy electron
microscopy, scanning electron microscopy, reflection electron microsimomame a fewwith the

invention of STM, scientists ga chance to observe and marigie matter at the atomic scale.

The ntroduction ofheterm;, 6 nan ot e c h rattribueedty h,e itsal &kf téefrher e 6 s
at the bottomdb, by physicist Richard P. Feynman
in 1959 at theCalifornia Institute of TechnologfB]. In the talk, Feynmarsuggestedow it should be
possible to manipulate and piece things that were many, many times smaller than the smallest
miniaturization achievable @he time He predicted that humamvould be able to condt matter atan
atomic levelby the year 2000. He was right to some extent, stheenvention of the M made his
prediction came trugust 30 years after his talk. Sinitginvention,it has becomene ofthe most powerful
toolsin surface science. Meoverthemethod is noonly limited to obtaiing the topography odsurface

at an atomic levelt can also be applig® manipulaé atoms andnoleculesonthese samsurfaces.

In the last several decades, STM has @ismven ofparamount importance studyingthe self
assembly of molecules at surfaces. Supramoleculaassthbly is a spontaneous and reversible process
by which single molecular species arrange themselves into oraeretimensionaktructures via non
covalent intermolecular interachs The phenomem has been widely considereas abottomup

approach to thpatterning of surfacd4-8]. Moreover, the seldssembly of molecules can be carried out



in a wide range of environments suchiasolution, on solid surfacq9, 10]or at the liquidsolid interface

[11, 12]

In addition to a fundamentaiterest in understanding the behavior of the moleaesurfaes two
dimensioml (2-d) supramolecular seHissembly is of considergb importancein many practical
applicationsFor examplea phenanthrolinecontaining molecule seldissemble® forma supramolecular
optical sensor that is sensitive to micromolanantrations of various hazardous mefal3]. Self-
assemblyalsoimpacs the manufacturing of molecular electronic deg&d-or example selfassembled

guanosinealerivativesare importanin the fabrication of electronic nafaeviceg14].

Although selfassembled molecular networkse highly orderediue to the weak nature arlde
reversibility of the norcovalent bonddetween moleculeshe weak bonds caasolimit application of
these molecular aggregatessome realvorld applicationsln order to improve thermal, mechanical and
chemical stability, the potential realization of regular molecular networks held togethogr stronger
covalent bond has triggered increasd attention. In addition covalent nanostructures can exhibit
relatively high charge carrier mobilities due to their strong intercudde bonds. Surface confide
polymerization has been widedplored as promising route to the creation of eaad twedimensional

(1-d/2-d) surfacesupportedgolymers with a high degree of order and electronic conjugation

One approach ton-surfacepolymerization is the adsoiph of halogenated aromatic precursors onto
atomically flat singlecrystal surfaces. The surface acts to both catalyze thaldgenation ofin aryl-
halide, andto confine the subsequent polymerization reaction in divoensions. Several successful
exampeésof 2-d polymers have been demonstrated on single crystal suffZeé9], howeverlimited

work has been done to exploit surface confined polymerization on semiconducting surfaces such as silicon



An active polyner layer on a silicon surface could form the basis of an orgamiganic
semiconductor hybrid device which couldibeorporated into existing Si electronics technolff§y;, 21]
One significant challenge @d polymerization on silicotnowever is the high reactivity of the surface
to organic moleculef20]. One approachis to passivate the Si surfaaadensure a surface with high
mobility, to allow for the supramoledar ordering of theorganic precursors. For example, the
Si ( 1 LAg)surfécéhas been demonstrated to beeakly interactingsurface allowing a numberfo

organic molecules to remain mobile and form veetlered 2d layerg22-26].

Three halogenated molecules will lexamined in this thesis. Onmoleculeis a brominated
tetrathienoanthracene (TBTTA)onomer(Figure 1.1 (8) the other twoare 3-fold symmetric organic
molecules: 2,44ris(4-iodophenyl1,3,5triazine (TIPT) (Figure 1.1(b))and 2,6,1Gtribromo-4,8,12

trioxa-3af-azadibenzo[cd,mn]pyrer@BTANG) (Figure 1.1(c))

‘ Carbon
& Hydrogen

) Sulfur

0 Bromine
' Todine

@ Nitrogen
@ Oxygen

Figure 11. Themolecular structure ofa) TBTTA, (b) TIPT and (c) TBTANG.

Theinitial goal of thethesisis to investigatéhe mobility ofhalogenated precursorsontGe ( 1 1) & .
Ag surface Our work demonstrates thaiet ceposition of TBTTA oo theS i ( 1 XA purface&at room
temperature leato thesupramolecular assembly of molecul®¥M images reveal that at low coverage,
the molecules readily migrateto stegeel s a n d d e fAgovdrlayer.iWith incteasingic8verage,

the molecules eventually form compact supramolecular structlinese esults indicate thafi 2Ag



adlayer actsa passivate the silicon surface and provides a-highility template for TBTA adsorption

[27].

We alsostudy theadsorptiorof TIPT molecules onto twdifferent, but related surfaces, Ag(111) and
Si ( 1 TADp,)to higlBight the effect of moleculsubstrate interactienAg(111) is a simple closgacked
noble metal surface, whils i ( 1 1-Ag)hasa ®-called honeycomighaintrimer structure, obtained
after one monolayer of Ag is deposited omihe Si substratelt consistsof pseudehexagons of Ag
surrounding Si trimerf28]. This more complex surface is less reactive tharbare Si surface butan

still interactwith moleculesaffecting the ordering of theverlayer.

The secondhreefold molecule we investigate, TBTANG, is also a halogenated molecular precursor.
This mokcule was deposited and diffsdesely onSi ( 1 1-Ag)surféc& at room temperature. With
increasing coverage, TBTANG exhib#dong-range sedassemi®d structureof intact molecules. The
ordered structure is characterized by several closely packedofomslecules. Within the rows the
repeatig motif is twaomolecules linked together byonrcovalent halogetalogen interactionsAs the
coverage approaches one monolayer, $he ( 1 1-Ag) surfac@ remains unaffected and the -self
assembled layer extendsesvthe entire surfacéefects in theSi(111 ) -A& Substratedo affect the
integrity of domains, but the size of domatitees not appe&o belimited bythe density of theedefects.

We found the size and the symmetry of the unit cell on the complete layer is very close to the
supramolecular layefound on the Au(111) surface[29]. However, due tdifferences between two
substates, the molecular structuredoes exhibit someinterestingfeatures which areainique to the

Si ( 1 rAgkurfdcd



The thesis is organized as follows:

Chapter 2 briefly reviews the tip-date fundamental understanding of molecules at surfaces as well
as the current stat#f-the-art of research in 21 supramolecular sefissembly and esurfa@ synthesis of
2-d polymes. The discussion wilbrimarily focus on the influence of key parametaifectingmolecular
selfassembly and esaurface polymerizatiorsuch aghe properties of the substrathe types of inter

molecular interactios) and theeffect of the substratendhestructureof the overlayer.

Chapter 3 gives a short outlire# the significant experimentas well as theoreticakchniques
employed in the thesis, including ulnggh vacuum (UHV}echnology Low Energy Electron Diffracdn
(LEED), Auger Electron Spectroscopy (AESycanning Tunneling Microscopy (STMind Density
FunctionalTheory (DFT) A brief introductionto the molecular precursors utilized in this waskalso

included.

Chapter 4discusseghe supramolecular assemldy TBTTA on Si(111 ) -A& 3urface at room
temperatureandChapter 5 is devotetb TIPT depositiononthe Ag(111) andS i ( 1 1-Ag)surféc8s
bothat room temperature and elevated temperatQiespter Gresentshe supramolecular sedfissembly
of TBTANG both onthe Au(111) andS i ( 1 1Ag)surféc@sat room temperaturd.he formation of a

2-d TBTANG polymeron theAu(111) surfaces also discussed

Chapter 7provides a summary @l the experimentalandtheoretical findingsandbased on these

results, future directiafor this workaresuggested.



Chapter 2

Background




2.1 Substrates

2.1.1 Ag(111) and Au(111)

Ag is a stable transition metal, and one of the few metals found abundantly in nature as a pure native
element. This stability is due to its relativeertnes. The crystal structure of silver is face centered cubic
(fcc) (Figure 2.1a), and so the Ag(111) plane exhibits atomically flat surface with hexagonal arrangement

of surface atoms (Figure 2.1b). This (111) surface has the lowest en¢ngyigih symmety surfaces.

L

(a) rcc ()
: (111) plane

v2a

v2a

Figure 21. (a) FCC crystal structure dfver. (b) Th€111) plane ofitver

Au(111) also exhibits hexagonasurface However,n contrast taheother noble metalshe Au(111)
surface reconstructs tm a so-called herringbone structure at room temperat[8@-32]. This
reconstructionis due tothe uniaxial compressive strain of the outermost layer such2Batoms are

arranged over 22 bulk lattice sites underndate Figure 2.2)This mismatch between top layer and

LLLLLLL;QMWJJJJ

Figure 22. Schematic representation afvertical cut through the first few laysof the
Au(111)substrate showing how 23 surface atoms fit into 22 lattice sites by compressin
top layer of thesurface with the additional atom colored dark red. The positions
corresponding to linedip fcc and hp sites are indicated by the vertical lines. Figure ada
from Hankeet al. (2013)



secondayer leads to a rectangular unit agl{ 2 2 T aAdp@riodically distributed areas of fcc and hcp

type stackig.
2.1.2 Silicon Crystallography

Silicon is one of the most commonly used semiconducting substrates. Silicon has a diamond lattice
structure (fcc with a basis of two atoms). The primarywga plane, (111) as outlined in Figure 2.3, is
one of the most complicated dafeascinating planeandhas been studieeixtensivelyin research fields

ranging fromfundamentakurface science and matesiatience to nanotechnology.

Figure 23. The (111) plane of a silicon stsl
(outlined in blue).

When a cleammxide-free (111)oriented surface of Silicon is heated to sufficiently high tempemature
(at least 400€), and under UHV conditions, the surface atoms rearrange imtdothest energy 7x7
configuration which is stable at room temperature. In 1985, Takayanagrrpeda comprehensive
structural analysis of the Si(111) 7x7 surface recoastmi by evaluating the intensity distribution of the
spots in transmission electron diffraction patterns and was able to propose a model that involwed dimer
stacking faults ashadatomg33]. This model is known abe dimeradatomstackingfault (DAS) model

andremairs thegold standard imur understandin@f the geometry of # Si(111) 7x#econstruction



As schematically shown in Figure 2.4, each supercell in the DAS model of the 7x7 reconstruction

consists of three layers. The top layer contains 12 atoms (the so called adatoms); the wercmnthéa

rest atom layer witld2 atoms, and 48 atoms are in the third layer that contains a stacking fault. Of all the

surface atoms involved in the reconstruction, 19 are threefold coordinated and possess dangling bonds. Ir

particular, there are 12 adats, 6 rest atoms and 1 atonthe center of the corner hole.

213 Si

»<4  OCoF
® CeF
® ReF

*CoH © CoU

W . CeU

ReU

L_
Q x-«*é oy 5 - -'.ﬁ'-
r r‘?’ “mm

Figure 24. The top view and side view of the 7x7 c@lhe adatoms in the DAS model-
into four symmetry classes: corner faulted (CoF), center faulted (CeF), corner unf:
(Col), center unfaultk (CeU). The 19 dangling bonds occur at 12 adatoms, 6 rest ¢
(ReF, ReU) and the atom in the center of tbener hole (CoH). Graph reproduced fro

Giessibkt al. (2001).

(111) -A®9udaBe R30 A

In our research, a template with enough mobility to allomthe diffusion of organic molecules is

crucial. Even though the 7x7 reconstruction reduces theidgrigind density from 49 to 1®p7x7 unit

cell, previous research has indicated that many organic molecules depositd¢hisurface are not

mobile enough to form ordered domains, aather absorb randomly arfd h i t

an3f]. ™t i ¢k

overcome this problemne solution is to passivate the Si surface. Several approaches have been explored,

10



i.e. Hydrogen terminated silicon surfa¢éss], Boron terminated silicon surfacgs10], and an ordered

monolayer of metal on silicon surfad@4-15].

Si trimer

. Yy

Si atoms
triangle
(a)

(b)

Figure 25. (a) A top view of AgW3 A8 structureon the Si(111) surface, and (b) a side view of the sil
trimers with Ag atoms on the top layer.

In our work we bcus on thdattera ppr oach and i n part i-éagsurtace. ltt h e
is generally accepted that the 43143 reconstruc

of silver at a substrate temperature of 600C.eOmonolayer (LM is defined here as 7.83 x10Ag

atoms/cm. Two popular structural models ftne Si ( 1 1-Ag)surféc8 are the honeycorshained

triangle (HCT) mode]35-37] and the inequivalentriangle (IET) mode[38]. The HCT structure is often

Si trimer

Ag triangle

]

»w
e
.ﬁ"-'."".".'

nﬁl.i".'-"-
.

‘"

s e e wwn Fywew
MEEEE & & 2

(b)

Figure 26. (a) The atomic structure dhe W3-Ag reconstruction, wittihe hexagonal unit cell shadec
Figure reproduced fromohget al.(2002). (b) A 100A100A STM image of th&3-Ag surface with uni
cell highlighted in blue.
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observed at room temperature (RT) and total energy calculations bag&delrandicate that the HCT
modelhas lower surface enerd$8]. According to the HCT modetieposition ofa monolayer of silver
atoms leads to the formation of the silicon trimers such that every Si atdme atitface is old

coordinated and therefore tkeare no Si dangling bonds (Figure 2.5).

Figure 2.6 illustrates a schematictbeat o mi ¢ ar r a n gAg re@mstructionf(a) and an & 3
associatedSTM image of this reconstruction (b). Theghly ordered &1 hexagonal structure can be

observed in theémage.

2.2 Molecular Self-assembly at aSurface

Il n 1978, the term O6supr amol ec ul-Marie Lehh miordestior y 6
define, consolidate and generalize the areas of cetiver chemistry, hogjuest chemistry, and the
chemistry ofmolecular recognition. Only nine years later, the importance of supramolecular chemistry
was recognized by the awarding of the 1987 Nobel FPnizéhemistry to Donald J. Cram, Jelftarie

Lehn, a Charles J. Pedersen in recognition of their work in tkea.ar

Molecular sefassembly 1 s a common <concept in the f
spontaneous association of molecules under equilibrium conditions into stable, structuradigfinesi
aggregates joined by noedthemostigeneradl defintion ébsmolecularself b e
assemblyasprovidedby Whitesides in 199]. During theselfassemblymolecules interact onhyith

their closest neighbors and form specific organized aggregatestworks of different siz440].

The initial interest in selassemblyvasunderstandablgjiven the fact thatving cells selfassemble.
In other words, the ultimate supramolecular assembly is ourselves, and understanding ourselv@s require
understanding selissembly.Self-asserbly has also been widely studied in Aonng systems. For

example crystallization is an examplef selfassembly ina 3-d system[16]. Other examplesuch as

12



surface supported sedssembled monolayeand thegrowthof nanowire417] correspondto 2-d and 1

d systemsespectively

The field of surfacesupported selassembly has receivesignificant attention recently. Research
involving a variety of organic and inorganic building blocks, on many different substrates have been

repored[10, 3942].
2.2.1 Thermodynamics andKinetics of 2-d Self-assembly

Bottomup and topdown are the two contrasting strategies for the fabrication of nanostructures at
surfaces. Molecular sedssembly is alassicbottomup approacho create surfaecpatterns and devices
on substrates in a controlladd repeatable manner. A great numberd&2lfassembled structures have
been explored on different substrates in vacuum, ambient, or in solutientivd major factorshat

influence the Al selfassemblyarethermodynamic and kinetic effects.

B ﬁ ﬁ =
F Kinetics Thermodynamics

Figure 27. Schematic diagram showing growth processes for atoms or molecules deposite

surfaces. D = diffusivity, the meaquare distance by which an adsorbate travels per unit time

deposition rate. The ratio D/F characterizes the growth regime: kinetiocallyermodynamically
controlled.Figureadapted fromBarthet al. (2005).

13



Figure2.7 illustrates how molecules or atoms deposited from the vapor phase grow into nanostructures
on a surfacatanatomiclengthscalg[7]. In the figure F is the deposition flux anD is thediffusion rate.
The deposition flux,or the rate of deposition, is a relatively simple paramdtee. dffusion rateon the
other handneeds further explanation. Upon defios, adsorbed specignake a random walk on the
surface This motionwill continue untitheadsorbatés trapped aafix ed nucleation site, such asurface
defect or step edge, or until they bind to other adsorbates which &ave formation of stable nucleus.
The diffusion rate is the mean square distance travelled by an adsorbate per uaitdimey measurd o
how efficienty anadsorbate diffusson the surface. When the deposition rate is smallerttteadiffusion
rate (largeD/F value), adsorbates have enough time to explore the potential energy landscape of the
surfacesuchthat the nucleation of new aggregates ocaticéose to equilibrium conditions. This leads to
so called amcleenbu lyar ¢ &l t o ndawuralecbnditionstobkigh depasitiomc t u r
rate and relatively low diffusion (smdll/F values), the adsorbates are not mobile enough to reach a low
energy configuration before meeting other adsorbates. Under these conditions the growth process is
primarilydd er mi ned by ki neotrigcasniaznedd tchreo wtehrm i6ss edsfed t
For examplein the study on the eadsorption of coronene and colmdtaethylporphyrin (CoOEP) at the
phenyloctanesolution/Au(111) interfaceJahanbekarat al observed theompetition between kinetics
and thermodynamicd or f or mat i (& onoromefhe tot lhGoOERurfhce structurg43]. By
changing the relative concentration of twomponentsn the solution three different compositional
phaseqpure CoOER 1 1 fihaseand pure coroneneare observed They found that onc& 1 4urface
structure is formed, it can onbe conveted to pure CoOEP phase by increasing CoOEP concentration
butresistanto conversion tgpurecoronendy flooding with concentrated coronene. Thus, the conclusion

on theformation ofthesel 1 durface phases is controlled by kinetiess obtainedin order to control
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onsurface molecular sedssembly, the respeat roles played by kinetics and thermodgmcs need to

be carefully considered.

Like any other spontaneous processifassembly is thg@rocess in which the components of the
system, molecules in our case, organize into ordered structures as a consefjsgemfic, local
interactions among é€hcomponents themselves, with no external diredimoother words, byjoncovalent
bond formation and bond breakihgtween moleculeghe system evolves towards a minimum in the
Gi bbs f r &which cae lve @presged by equation:

Yo YO "¥vY

wherGe sqpt he change iHi sGitbhbes cfhraene§ietheickrangeyngntnopyl p y ,
and T is the temperature of the mallar system. Whetie process takeplace in vacuum, the most
important interactionghichcontribute to an enthajp ¢ h aHh areadsortpatadsorbate and adsorbate
substrate interaction energidhus selfassembly usually emerges from an initialigatganized state
and converges towards a more ordered configuration. Molecules form ordered assemblies via
intermolecular interactions, which decreases the degpééreedom,and causea reduction of the total
entropy of the system.e. g5 < Q At theinitial stage of the selfassembly, due to the relatively large
negative values ofgs, qiG > 0in spite ofqH being negativg44, 45] Theinitial complexesformed are
thermodynamically unstahlés the assemblyncreases in size, the dominanceh&fgH termover the-

TgBterm drives the Gibbs free energy of the system progressively more negative. This process continues

until a minimization of free energy is obtained and the complex is thermodynamically stable.

However, duringevolutiontowardsthe final equilibrium statethe system can lsemetrapped in a
state far from thermodynamic equilibrium, 46]. As described previousiy Figure 2.7, the growth of

adsorbed moledes into structures is primarily influenced by the depositiax F andthe diffusion rate
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D on the surface. Neequilibrium arrangements can form where D/F ratio is small, and a local
energetic minimums reacled faster than the thermodynamic globahimum. If the system does not
have sufficient energy to overcorttee energy barrier foatransition towards the global minimum, ron
equilibrium arrangements will persist on the surfaoel result in kinetically tapped structureOne
examplereported byAnna et al. [47] demonstrate that the formation of the sedfssemb} of tetra
(phenylthymine)porphyrin (tetr&P) and 9propyladenine (PA) orighly oriented pyrolytic graphite
(HOPQ is strongly related to the overall concentration and molar ratio of the molecular species. They
revealed that due to the low solubility of teff® in solutionjt is difficult for the adsorbed tetr@P to

desorb back into solution. As a result, the aosdrtetraTP and PA are kinetically trapped on the HOPG

surface.

2.2.2 Molecule-molecule andM olecule-surfacel nteractions

In surfaceconfined molecular selissembly, both molecul@olecule and moleculsubstrate
interactions play a role in the stabilization reultantmolecular networks. By properly selectittye
molecular building blocks with desired furmmnal groups andubstrates witlthe appropriate mobility,
symmetry and electronic properties, molecular netewikh different shapes, sizes and dimensionality

can be constructed in a controllable marjbgr

1) Molecule-moleculelnteractions

The formation of supramolecular assemblies on surfaces is a procesinaivideal building blocks
are in dynant equilibrium with thegrowing structuresandthe interactions holdinthe blockstogether
need to be reversibl@he reversibility allows for selfcorrection and selfiealing of the structureand
offers the possibility of lotaining nanostructures withhigh degree of perfection. Herelipresent brief

discussiorof the characteristics and properties of various intermolecular interactions along with several

16



examples to illustrate the role of these molegutdecule interetions in molecular selissenbly at

surfaces.

Van der Waals interactions

The Van der Waals (vdW) interaction is a rmvalent interaction between either; two induced
dipoles, two permanent dipoles or a permanent and an induced dipole. Althouglnteldcttions are
weaker tharhydrogenbonding(see below)they can still drive the formation of highly ordered 2elf-
assembled structures at solid surfddé&s50]. One example is the pioneering study of the adsorption of
5,10,15,20Tetrakis(3,5-di-tertiarybutylphenyl) porphyrin (WHTBPP) on Au(111l) using a low
temperature STM as reported by Yokoyamal in 2001[51, 52] They describe how the formation of
different supramolecular networks can bdiaced by substituting porphyrins with either one wo t

cyano groups othe Au(111) surface.
Hydrogen bonding (Hbonding)
H-bonding is defined as an attractive, directional,-oovalent interaction between a hydrogen atom

from a molecule or anolecularfragmentandan atom or a group aftoms in the same or a different

molecule[53]. Figure 2.8 is the standard representation of a hydrogen bond. The hydrogen bond donor

Hydrogen
Covalent bond bond
& &
e o o —
Donor Acceptor

Figure 28. Hydrogen bond donor and acceptor atoms
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consists of a hydrogen atom (H) covalently bound to a more electronegativeXgtaimé forming a
dipole in which the hydrogen atom is slightly positive. The accaptyr be an atom (Y), or a fragment
or a molecul€YT 2).

The bond strength of a hydrogen batepend on theelectronegativity oboth X and A[54-56]. A
typical hydrogerbond 4.87 9.6k ¢ a | 2 imoslally much stronger tharvan derfWaalsinteraction
(~0.7i 1k ¢ a | YA sochlasin @O=C (7.4 k c a | YNBTHN-HO=C (5.19 i 5.73k ¢ a | 58D |
and GHD  -H (5.0k ¢ a | JA\[B9p6I0] wherethe X and Aspeciesare both strongly electronegativé-
bonding is one of the most common stabilizing interactions between functional groupsdovatent
assemblies on surfaces due to its strength and directiof&liB4]. A textbook example o hydrogen
bond stabilized 21 selfassembly are the molecular networks formed by thdepmsition of perylene
tetracarboxylic diimide (PTCDI) and 1,3/fiazine2,4,6triaming also known as melaminen thea 3
Ag/Si(111)surface (Figure 2.9) reported by Beteinal [25]. The network is stabilized by melamine

PTCDI hydrogen bonding represented by dotteddiin Figure 2.9(a).

o H
@80
N
ec

Figure 29. (a) Chemical structures andtbbnding motif of PTCDI and melaminig) JHVSTM
image of a network formed by both monomers asitverterminated silicon surfacdzigure
reproduced fromBetonet al.2003.
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Halogen bonding (Xbonding)

The term fAhal ogen bondingo or fAhal ogen-drkeand 0
noncovalent interaction involving covalentiynded halogen atoms amemolecule, to negative cenger
on adjacent molecules. Figure 2.1@&hematic representation of halogen bonding which is abbreviated
as RX¥, where R can be carbon, halogen, nitrogen, etcX is a halogen atom, and Y a negative site
like N, O, ClI, Br,or I [40, 65] In the context of tailored se#issembly on surfaces, one great advantage
of halogen bonds compared with hydrogen bonds is that the bond strength can be tuned by @hoosing
different halogen termination. Moreover, halogen bogdias a higher directiongl than hydrogen
bonding[66, 67] As a result, due to the selectivity, directionality, and tuneability, halogen bonding is
currently receivingconsiderableattention as a suitable altative to hydogen bonding for the
construction of supramolecular networks on surf§t@s40, 68] For example, Walcht al.reported the
formation of variousself-assembled structures of 1,3rs(4-bromopheni)benzene on Ag(111) under
UHV conditions[69]. In addition, the formation of highkprdered selassemt#d monolayers of an
achiral organisemiconducting molecule at the sédliguid interfacehas been demonstrated by Gutzler
et al[70]. In this thesiave have émonstrate the seffissembly of halogenated molecu[€BTTA, TIPT

and TBTANG)on a passivated silicon surfg@y] which will be discusseth Chaptes 4, 5, and6.

Halogen
Covalent bond bond
ot O
e o o
Donor Acceptor

Figure 2.10. Halogenbond donor and acceptor atoms
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2) Molecule-substratelnteractions

Types of interactions
When a molecule is adsorbedtorma surface, it can bind to the surface via either a physical or a

chemical interactiofi71]. Physical adsorptiqror physisorption, refers @case when there is no electron

Table 2.1: A comparison between chemisorption and physisorption. (Taken froi#BRef]

Chemisorption Physisorption

electron exchange polarization

chemical bond formation van der Waals attractions

strong weak

>1 eV (100 kJ mol™") < 0.3 eV (30 kJ mol"), stable only at cryogenic temperatures
highly corrugated potential less strongly directional

anologies with co-ordination chemistry

transfer between the molecule and the substrate. In this case, the adsorbate interacts weakly with the

substrate and the molectdabstrate irgraction is usually o van der Waals typgr2]. Chemisorption,
on theother handyefers to the case when electron transfer or sharing, i.e. covalent hooctogs
between the adsorbed species and the surface atoms. The main features oforgtisis and
chemisorption are summarized in Table 2.1.
Influence of thesubstrate on molecular selissembly

In order to control 21 molecular seHassembly on surfaces, it is crucial égploit non-covalent
intermolecular interactionslhe choice of thesubstrate also plays an important rolethe resultant
overlayer structte [73]. There are two major influences the substcaie haveon the seHassembly of
organic molecules. Firsif all, the reactivity of the substrate will influence the diffusarmolecules on
the surface. Whethe adsorbatesubstrate interaction is too strong, adsorbatesn d t o f BAndt an
this lead to a disorderedverlayer In general, a highly reactiveirgacewill suppress the mobility of the
moleculeg74]. Toreducehereactivity of thesubstrate and enable the high mobility of organic molecules,
atomically flat and chemically inert substrates are requiFed example, Suzulet al compared the

adsorption behaviorf@ prototypical functional molecule, Terephthalic acid (TPA)ih@Si(111)7 %7,
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Figure 211. STM image afteTPA deposition on the

Si(111) 7 x 7 surface. Dark spots are randomly

adsorbed TPA moleculdsigureadapted from Suzuki
et al. (2009).

Si ( 1 :Ag,)andd§(111surfaceg26]. Their results indicate that irreversible covalent bdrets/een

the moleale and the surfacare formed orthe Si(111)7 x7 due to the high density of dangling bonds.

TPA adsorbs randomly on the Si substrate and does not form any ordered supramolecular structures. The
observation of dark spoils Figure 2.11attributed to adsobed TPAmMonomerss an obvious clueOn the

other hand, TPA forms an ordered lagartheS i ( 1 1-Ag)urféad (Figure 2.12a), and a briskll-

like structure on Ag(111) (Figure 2.12b).

The seconeffectof the substrate iso epitaxialy constrainthe molecular overlayg®], by imposing
anadsorption sit®n the moleculesandthe size and symmetrgf the resultantunit cell An example is
the adsorption of particularporphyrin derivative on different metal surfaces as reported byetuaign
1997[75]. Resultsndicate that th@orphyrin conformation diffexon the three different surfaces: Cu(100),
Au(110) and Ag(110) as shown in Figure 2.1D8fferent conformation configurations are due to the
degree of rotation of the phengbrphyrin bonds. This rotation lzalces the intrametular steric

hindrance with the molecukurface interactiondlore recently, Litet al reported the -2 selfassembly
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Figure 212. (a) STM image after the deposition of TPA on the Si{¥B81) W8 -Ag surface
An atomic height stegeparatinga bare AgW3 surface area and TRégionis indicated by

an arrow. (b) STM image after the deposition of TPA on Ag(Eiblre adapted from SuzL
et al.(2009).

of 2,4,6tris(4-bromophenyh1,3,5triazine (BPT) on HOPG, and on sindéyer graphene (SLG) grown

on a polycrystdine Cu foil [76]. The molecules form two differenélé-assembled siictures orthe two
surfaces: compact and a loose pattertH@PG anda porous structure with hexagoitile cavities on

the SLG surfaces. Moreover, in some cases the adsorption of molecules at prefevetgationsites is
observed. Tis effect is particularly interesting when the substrate can be used as a template to steer the
growth of adsorbateé good exampleishowéh 221 A3 her r i n gdnAuflél)cantkeado n st 1
to the ordered growth of 2l Ceo islandslocalized at the elbow site®f the reconstructiorat low
temperatures (~ 80 KJ7]. Following this report, a number sfibsequergtudies with different molecules

have showrthis to be aquite general phenomen®, 78]

Chemical reactions between substrate and adsorbates can also atfegamiwation of the overlayer.
For example, the adsorption of organic molecules with halegemrtated functional groups on transition
metal surfaces usually results in the formation of molecular coordination netfA@rk$9, 69, 79)pr
polymerization[19, 79] In the case of strong molectdeibstrate interacti@nthe electronic structure of

the substrate can be modified by the interactt@n.example, the modification of surface state is observed
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by Scheybatt al.in their study on the adsorption of pentaceneCoi(110) surfacf80]. The interaction
between moledas and substrates can also promote structuralgeisanf the substrate surfadeor
examplethe growth of the organic semiconductor 3,4,%é6/lenetetracarboxylic dianhydride (PTCDA)
on Cu(110) results in a restructuring of the underlying Cu(110)cirfaolving theaddition or removal
of Curows[81]. Another examplénvolves thedeposition of electronegative elents, such as oxygen,
or halogen oto theAu(111) substrateOn adsorptiongold atoms from surface can be releageth the

outermost layer anidcally lift the herringbone reconstructi¢é2, 83]

Figure 213. Conformational identification of GUBPP in four stages on three surfaces. (a) on Oy(:
(b) on Au(110), precursors are still mobile. (c) on Au(110), final state. (d) on AdfigL@@reproduced
from Junget al. (1997).

2.3 Surface Confined Polymerization

Traditional polymerization of organic molecules involves monomers with two reactive sites per
molecule whickcombine to form 4d chains. Even when multiple reactive sites are involved ghatant
polymers often exhibit a disorderedd3structure. In surfaceonfined polymerization multidentate
monomers are deposited onto an atomically flat surface to cah&mmlymerization reaction epitaxially,

andto produce polymers with a high degref order and electronic conjugation ird284]. Compard
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with selfassembled structures, covalently linkedl 3tructures exhibit much higher chemical and
mechanical stability. With tunable electronic propertiesl @olymers are promising candidates for
applications in electronic dengs[85, 86] Different approaches teynthesize2-d polymerson surfaces
have beerproposed such as Ullmann coupling, imine coupling, Glastay coupling, dehydration,
dehydrogenation and Click reactiof@y-91]. Of these appmxches, Ullmann couplingas proven to be
one of the most promising routes to the formation-of @valent structurefor aryl halides on single
crystal noblemetal surfaceand is receiving considerable attentibm.this thesis Ullmann couplinig
exploited and weare able to form highly ordered moleculaverlayerslinked via covalent borglon

Au(1ll)andonAg(111)surfaces
2.3.1 Organometallic Bonding

An organometallic bond can be defined as one in which there is a bonding interaction between one or
more @rbon atoms of an organic group or molecule and an inorganic metal sPegssmetallic bonds
arecommonlyidentifiedas a eaction intermediate in esurface Ullmann coupling under UHMnNditions.
Although an organometallic bon¢~10 i 48 kcaol?) is generally stronger than a-Bénd
(~4.81 9.6 kcalnol), it is still weaker thara classic CC bond with a bonénergy of ~8%calol™.

Thus, it exhibits sufficient reversibility during esurface molecular sedssembly allowing error
correction bymultiple bond breaking and bond reforming proeas$his can bearticularly beneficial
for the construction of longange ordered networks with relatively high stabi[@2], and makes the
organometallic bond an important tool for the formation-dfZ:d molecular networks on metal$aces
[18, 69, 79, 93, 94]

Beyond simply linking organic molecules together, organometallic bonds have been identified as an
intermediate state towardsdJlimann coupling of molecules arble metal surfaces UHV [69, 93]

Following the carborhalogen cleavagef halogenterminated organic building blockshe surface
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stabilized radicals couple to adatoms of the metal substrates, resulting ircanietal bonds. The

formation of organometallic bonds is highly depemidon the choice of metal substrate and the halogen

termination of the molecules involv§ab, 96] For example, at room temperature, lodine is spontaneously

cleavel from organic molecules when deposited onto Cu, Ag anslfaceg97, 98] On the other hand,
Bromine is fully cleaved on CJi7, 69]at room temperature, and only paltyy on Ag[19, 79] Additional
thermal activation is required to cleavé B bonds on Au.Ordered and disdered organometallic
intermediates are commonly found on [X§, 99] and Cu17, 19, 69] but only occasionally observed on

gold[100].

2.3.2 Ullmann Coupling

The Ullmann reactiorgr Ullmann coupling is one of the oldest heterogeneous reaaiahsnamed
after Fritz Ullmanna German scientist who discovered it in 19@@1]. It is a radical addition coupling
reaction thatakes place between atflyhlides in the presence of a copper catalyst (Figure 2.1gke M
recently, thiswell-known method has been adaptedstofaces tduildupanumber of nanostructures in

1-d or 2-d on noble metal surfaces. Ullmann coupling is atingatore and more attention as bottam

approactfor the synthesis of-tl and 2d nanostructures, due to its high versatility, and the possibility of

pre-defining the topology ofhe resultingcovalentstructureby the appropriatedesignof the precursor.

R
¢
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Figure 2.14. Couplingreaction involving two aryl halides with a copper
catalyst Figurereproduceded fromUlImannet al. (1901)
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One excellent example was reported by Gaillal. in 2007, where they demonstdtthe successful
construction of 4d or 2-d molecular networks by using different tetraporphyrin (FB&ed molecules

with one, two or four Br substituenf45]. Following deposition and annealing, molecules with one
reactive site exclusively foreddimers, while those with two Br atoms per monomer fatfimear chain
structures. Finally, molecules with four reactive sites enlahlformationof 2-d networks (Figure 2.15).

These results clearly demonstrate that the resultant architecture of the nanostructures can be controlled b
both the number and ptisn of reactive sites1 the molecular building block&enerally Ullmann based
surfacecorfined polymerizationinvolves two fundamental reaction steps (Figure 2.16). First, the
dehalogenation adhe molecular precursorsyhich involves cleavage of amromatic carbothalide bond.

On many surfaces this results in amganometallic intermediatén the second reaction stegften at

elevated temperatures, coval€itC coupling takes place. Thus, in order to control the synthesis of

i R
o = O

trans-Br,TPP

Br,TPP

Ll = £

o = QO

Molecular Structure STM Data Proposed Model

Figure 215. STM images and correspondidgemical structures of TPF
monomers with 1,2 & 4 reactive sites on Au(111) surface. Figure ade
from Grillet al. (2007).
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polymers with desiredepmetries and properties, these two steps need to be carefully considered in the

Ullmannreaction.

1) Influence of theFunctional Groups

In the initial step of surfaceonfined Ullmann coupling, halogen atoms dissociate from the precursor
molecule. The bondnergy othecarbonrhalogen (CX) bonds is lower compareuth the carborcarbon
(Ci C) bonds of the molecular backbone. The differdreteveen these two bonds allows for the selective
dissociation of the relatively weak & bonds without breaking the neaular backbone. The dissociation
energy depends on the type of halogen atofws.this end, molecular building blocks are often
functionalized with bromine, iodine, or a combinationtieé twa The different chemical nature of these
two halogen atoms isftected in different halogenarbon bond strengths where iod{@&| bond strength
is~57k ¢ a | YpAremailes a lower activation tempéure compared with bromirf€i Br bond strength is
~6 6 k chad dahalogenate from a molecular precursor on the same sufEd2jtd he dissociated
halogencanaffectpolymerizationrb y i gt ti n , dr steeicallyhengleding the longange order of
the final structures. Annealing samples to higher temperatures following dehalogenatiesuttainthe
desorption of the halogemtoms however this thermal energy can also potentiallytrdgshe newly

formed network [103].

CL‘IHHEGT.IGH

_ACTVATION CONNECTION
_—
:H&atmg (Diffusion)

M'D| ecular

S”hsm“e“‘ building block

Figure 216. A schematic of the formation of covalently bonded networks by connecting the activat
monomer building blocksrigure adapted from Gridit al. (2007)
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2) Role of theUnderlaying Substrate

In addition to the choice of halogen, the sulistedso plagan important role ithe Ullmann coupling
reaction. Depending on the substrate material, different annealing temperatures are required to initiate
dehalogenton. Bj°rk etal. computationally studied the adsorption of both bromobenzes&BE) and
iodobenzene (€Hsl) on thethree commonly used clogacked (111) surfaces (Cu, Ag, and AL)3].
Their results indicate th#tte Cu surfacdnasthe lowest barrier for dehalogenatjarhile Auhasthe largest.
In addition, the catalytic activity of the substrate can depend on crygtafibic orientation. Walcét al.
[69] determinedthat the Br atoms of 1,3#5is(4-bromophenyl)benzenélBB) split off spontaneously
upon adsorptiorat RT on Ag(110), whereas only sedksembled structures of intact molecules are

observed on Ag(111).

Following dehalogenation, the diffusion of the molecules on the substrate also plays a vital role in the
structural integrity of the resultant polymers. Bieet al[97]. studied the deposition of a hexaiedo
substituted macrocycle, cyclohexa-phenylene (CHP) on three different surfaces; Cu(111), Au(111) and
Ag(111). Dehalogenation in all cases ocdai$owing deposition at RT. Subsequently the surfaces are
brought to elevated temperatures to activate the paigationstep Interestingly, the morphology of
resultant moleculametworkson the three surfaces significantly different (Figure 2). On Cu(111),
only branched lowdensity clusters with singlamoleculewide branches are obtained, whilel 2etworks
are formed on both Au(111) and Ag(1ELxfaceswith a higher density and larggomainsizes observed
on Ag(111)This phenomenon is due thedifference in the ratesf diffusion and couplig of the CHP
radicalson Ag and Cu andu, whichdetermines té structural order of the final produ€in Cu(111)for
examplethe energy barrier fahediffusion of CHP radicals is significantly highteian the energy barrier
for the formation ofa covalent bond which leado dendritic structuredn contrast diffusion prevails

over covalent coupling on Ag(11ahdthus resulin the formation of honeycomb networks.
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Au(111)

Figure 217. Top panels: Overview and higésolution STM images of polyphenylene netwc
on Cu(111) (A,B), Au(111) (C,D), and Ag(111) FiyE)eadapted fromBieri et al. (2011).
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Chapter 3

Experimental Technigues and Methods
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3.1 Experimental Techniques

3.1.1 Ultra-high vacuum (UHV) system

UHV conditions are nassary for our experiments for two specific reasons: first, the silicon substrate
surface is highly reactive; and second, to permit the use of low energy electron techniques without undue
interference from gas phase scattering. Th&/kistem can reducedtcontamination from background
gases by reducing the number of molecules impinging on the surface. Monolayer formation time is defined
as the time needed to form a single layer of molecules on a surface assuming that every rhatecule t
strikes the surfae sticks and that the molecules distribute evenly to form a single atomic layer.
Considering a cube of length a. The total area of the cube facesandbthe volume is*aWith a gas

density (n) and an average velodiQ'the colisions with the wa$ per second can be written as:
00

€6 — & w0 (31)

So, the rate of arrivalf atoms or molecules per unit area per second on one of the cube faces can be

written as:
Masaarban -0 (3-2)
Using the kinetic theory of the gas, we knew — and@3Y —, thus equation (2) can be
rewritten as:
O oB pT I/I: (3-3)

WhereP is the pressure in Tork is molecular weight in g/mole, ardis the temperature in Kelvin. At

ambient temperature for aivE29):
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O o X pmy (3-4)
Assuming each nitran molecule occupies an area on the surfa&e @vhereQ 1@ X & afor
nitroger) then the atomic flux can be written as:
O YT pT (3-5)
The maolayer formation time is just the inger of the atomic flux, thus:

Y — ¢ pmid (3-6)

Therefore at ambient temperature the monolayer formation time fas&0,646s (5.7 hrs) in our UHV
systemQ Dp 11 "Y£ ). iThis is an acceptable value for our experiments and compares with only
in a high vacuum systerp (t "Y€ 1), or 2.5 nsat atmospheric pressune (p V€ ). i
A couple of additional factors need to be ni@med. First, even in UHV the moleculagrtity is still
high. In other words, there are still a lot of gas molecules present. Second, the mean free path of these ga
molecules is much greater than the dimensions of the vacuum chamber, whichthatahe gas
molecules will collide with the chaper wallsandother components the vacuunmany times before
they meet each other.
Our UHV system contains four pumps (discussed below), a Residual Gas Analyzer (RGA), two

evaporators (a metal and a molecular evajor), a Low Energy Electron DiffracidLEED) instrument,
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an Auger Electron Spectrometer (AES) and a Scanning Tunneling Microscope (STM). A schematic of the

vacuum system used in our experiments is shown in FRjlire

* AES: Auger Electron

Side View MM Front view Spectrometer
* GV: Gate Valve
] ® IG: Ton Gauge

e IP: Ion Pump

e LEED: Low Energy
Electron Diffraction

e LL: Load Lock

* MC: Main Chamber

o ME: Molecular Evaporatos

* MM: Main Manipulator

* MP: Mechanical Pump

V& LL * NEG: Non-evaporable

EG

ws Getter Pump

N%
MC _
; * RGA: Residual Gas Analyzer

™ = e SE: Sliver Evaporator

ME

® STM: Scanning Tunneling
Microscope

11 4

j] MP e TP: Turbomolecular Pump

e TSP: Titanium Sublimation
& Pump
* WS: Wobble Stick

Figure 31. A schematic of our UHV system.

3.1.2 Vacuum Pumps

Thereduction in pessurérom atmosphex (760 Torr) to UHV (below 18° Torr) means changing the
pressure value by ~1B4 orders of magnitude. This requires the work of multiple pumps. In our UHV

system, four pumps are used in combinmatm maintain the base pressure iedide chamber.

A Rotary Vane Pumpis used for pumping the system from atmospheric pressure down to about
102 Torr. In our system, it is also employed as a backing pump for a turbomolecular pump. Figure 3.2
shows the pnciple of the its operation usingsahematic diagramRotor and vanes divide the working

chamber into two separate spaces having variable volumes. As the rotor turns, gas flows into the enlarging

" Edwards Vacuum (www.edwardsvacuum.com)
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suction chamber until it is sealed off by the secondevdime enclosed gas is compressed! time

discharge valvepens against atmospheric pressure.

Exhaust outlet
rhaust od Inlet

Exhaust valve
——

Vane
Stator —

Spring

ol I“ﬂ“l

e

1l

u
i)

T

Rotor —f Pump oil

E
T ,mm,,}:

Figure 32. Acrosssectional viewof the rotary vane pump. Th
rotor is rotated clockwise.

The turbomolecular pumps can be considereds the first level pump in our system. With a
mechanical pump for backing, the pump is used for initial chamber pump down and to pump the fast entry
load lock. The turbomolecular pump works on the principle of momentum transfersp@gt rotating
blades transfer momentum to the gas molecules, and the relative velocity between slotted rotor blades anc

slotted stator blades transports the gas molecuasifilet flange to the outlet (Figure 3.3).

Usuallyturbopumps are designed with ttiple blades and multiple stages. There are two parameters
that characterize the performance of thdbomoleculapump. The first is the maximum compression
ratio, whichis defined as the ratio ¢iie outlet to inlet pressure with no gas flowhe second parameter
is the maximum pumping speed, which is defined as the flow rate of gas at the inlet when the compression
ratio across the blades is unity. The ultimate pressura turbomolecular pump is ggmined by the

compression ratio for the light gases (usually hydrogen) and the outgassing rate of the metal parts.
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Figure 33. Aschematic diagran

of the design of a turbomolecul

pump.Reproduced fronSurface

ScienceAn Introduction (K. Oura
et al.2003).

Turbomolecular pumps work most efficiently in tm@lecular flow regime (below 10Torr), where
the mearfree path of the molecules is limited only by the dimensions of the vacuum enclosure. This is
the reason a mechanical pump is required for bacKingturbomolecular pump we use in our laboratory
is a Varian Turbev60’, which has a compression ratiowf p mand a pumping speed of &5per

second for nitrogen. The ultimate pressure for this purgp i® T Torr.

H" Anodic Tubes

Magnet

Magnet

Titanium Cathode Plates

Figure 34. A schematic diagram of tr
design of an ion pumg@Reproduced
from Surface ScieneAn Introduction
(K. Oureet al.2003).

" Vaiian, Inchttp://www.varianinc.com
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Thelon pump is the primary pump to maintain UHV conditions in our chamber. It starts to operate
at about 16 Torr and carattainpressure of 10 Torr. An ion pump operates on the principle of Penning
cold-cathode dischard&04]. The basic configuration of an ion pump (Figure 3.4) includes two plates of
Ti (cathode) mounted close to the open endsaillection okhort stainlessteel tubes (anode), and two
strong magnets.

During operation, higlenergy electrons emitted frothe cathode elements collide with and ionize
gas molecules which ane turnaccelerated twardsthe cathode. Due to the peese of both electric and
magnetic fields in each cell, the electrons travel in helical orbits, which increases the pathdémgth b
they reach the anodd@he increaal path lengthmproves the chances of electron collision with gas
molecules inside theenning cell. lonized gas molecules are accelerated to the titanium cathode and many
are buried. The ions may also sputter tiiamiwhich can produce secondary electrons. The sputtered Ti
is in turn deposited on nearby surfaces to getter active gaseniufitas a very reactive metal, so the
sputtered Ti chemically combis&vith any active gas molecules present (e.g. COz, €2 N2, O) to
form stable compoundandthus removing them from the vacuum vessel. The ion pump in our system is
a Varian, VaclorPlus 150 with an ultimate pressure af0!! Torr, and a pumping speed d50L per
second for nitrogen.

In addition to the ion pmp we use two getter pumps to achieve our base pressure; a titanium
sublimation pump (TSP), and a remaporable getter pumplEG).

TheTitanium sublimation pump sublimates a fresh layer of titanium onto a relatively large surface.
As in the ion pump, thetanium layer has a high pumping speed for reactive gases, which either form a

chemical compound or are adsorbed. The Ti layer has a finite lifetime and tbeegfolar deposition is

" Varian, Inchttp://www.varianinc.com
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required to maintain the pumping efficiency. Normally, at UHV presssarfresh titanium film can be
effective for several days.

Thenon-evaporable getter pumpwe use is a CapaciteD400 NEG pumj Like the TSP the NEG
pumps by cemisorbing active gases. For the NEG this is followed by bulk diffusion. The NEG is made
from a sintered porous material (St 172-{Z1e) alloy). and when thgetter materiails saturated it can
be reactivated by heating the material to tempersitarine range of 150 € 300 €.

In addition to the pumps mentioned, an extra step is requiretthio BIHV pressures. The system
must undergo a baking step. When the vacuum system is exposed to ambient pressure, gas molecules a
absorbedntothe walls of tle vacuum chamber. When the pressure is reduced, these molecules desorb.
The predominant gas slerbing from an unbaked system is water vapor. The ultimate pressure of the
system represents equilibrium between the pumping speed of the system and thengutafasef the
inner walls and components inside the chamber. Baking actually works to atxéles outgassing
process by heating the entire system. Theadled bakeout procedure is to hds entire UHV system
to a high temperature, typically hightdan 100Celsius for several days so as to eliminate water vapor

on cool down. An ultimatpressure after baking of less thar 10° Torr is achieved in our system.
3.1.3 Low Energy Electron Diffraction (LEED)

Low energy electron diffraction (LEED) @ne of the most widely used tools to study the geometric
structure of both single crystal surfacesl ordered phases of adsorbate overlayers under UHV conditions
[105, 106] In a LEED experiment an electron beam is coherently reflected from a sample surface to form
a diffraction pattern on a phosphor screena ltypical diffraction pattern, we are interested in the bright

spots produced bthe constructive interferencef dectronsfrom surface atoms. The position of these

" SAES Getters, S.P.A, http://www.seasgetters.com

37



bright spots provides information on the size, symmetry and rotational alignment2fittnensional

surface net of atoms on teamplesurface.

According to the de Broglie relation, the wavelength aeditbmentum of the electrons can be related

by the following equation:

- (3-7)

Wherep is the electron momentum and can be representedefativistically as:

n ad ¢h U ¢cd Qw (3-8)

Wheremis the mass of the electronis velocity,Ke is kinetic energyeis electronic chargandV is the
acceleration voltage. Using the Equation7j3and (38), the wavelength for the electroan be written

as:
S (3-9)

A LEED instrument has a lownergy electron gun that can produce electrons of kinetic ieserg
ranging from 2@V-200eV. At these energies the mean fpeeh for electrons is sufficiently short that
they can only penetrate two or three atomic layers into the surfd€eAp[107], and therefore the LEED

pattern contains information on the surface atoms rather thatrtivture of the bulk.

The diffraction condition can be visualized in a graphical way by means of the Ewald sphere
construction. The Ewald spheigea geometric construct that demonstrates the relationship between the
wavevector of the incident and difftad xray beams. Assuming b andc are the lattice vectors for the
3-dimensional unit cell at the crystal surface, the corresponding recifatica vectorsE, 4 and4fare

given by[108]:
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S ¢“— & ¢“— & ¢“— @ O B (3-10)

To obtain a A reciprocal lattice for a surface, let the base vectmpproach infinity with the andb
vectors unchanged. As a result, tleresponding reciprocal lattice vect|(5rapproaches 0. The discrete
points parallel teﬂé in the reciprocaldttice will be infinitely close and appear as parallel ljioesods as
shown in Figure 3, and the thredimensional reciprocal laticvectorGny reduces tdsnk in 2-d defined
by:

Tz

O AW W (3-11)
To a first approximation the LEED pattern is a Fourier transform of the real space surface lattice. We can

define tre incident wavevector of the electron lasand the emerging wavevectors lasFor elastic

scattering:

Q0 (3-12)

We can also define the component of the wavevector parallel sutfece ad), and the component
perpendicular to the surface™®s. So,the condition for momentum consenaatin thesurfaceplaneand

constructive interference for@diffraction becomes:

Q Q © (3-14)

39



A modified version of the Ewald sphere construction fak|dttice is shown is Figure 3.5.

00 01 02 03

—‘_—'--..\

Reciprocal
Lattice Rods L~

N\

Figure 35. The Ewald sphere withi
the 2-d reciprocal lattice.

Constructive interference and a diffracted beam occurs wherever a reciprocal lattice rod intersects the

surfae of the Ewald dpere. The diffracted pattern thus reflects the symmetry of the surface unit cell.

For examplethe deposition of a monolayer of silvatomsonto a clean Si(11I)x7 surface held at

600AC results in a 831483 R30A @iffraction patte

Figure 36. (a) Si (111)V3 W8 Ag R30 degree reconstruction in real space. a is one of th
vectors fonW3 Ag layer with a length of a. Graph reproduced from Murphy et al. (2012)

LEED diffraction pattern. a* eme of the unit vectors in reciprocal spatattice, with a lenth of
H™ Kl ®
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A schematic diagram of the LEEurchased fron®DCI Vacuum) used in our laboratory is show in
Figure 3.7. An incident electron beam isoguced by a tungsten filament and focused by a series of
electrostatic lenses. The first grid of the screen and the last electrode of the electron gun are at the sam
potential as the sample, so that a filslek spacesi created for the incident and bachttered electrons to
travel. The backscattered electrons are collected by a series of hemispherical grids. After the first grid, the
second and third grids produce a retarding potential to reject any inelasticalgrestatiectrons that
contain no diffaction information. The elastically scattered electrons pass though the retarding field and
are then accelerated by the fourth grid to the fluorescent screen to produce the observed diffraction pattern
In our case he pattern is recorded by eomputercontrolled video camera purchased from Electrim

Corporatiof.

fluorescent screen

L

diffracted beam
sample
incident beam g/ l

lect \ \ Ist grid
electron \%%d grid }
Gun Srd Srig J superessor
§g ar grid

~B KV I
Figure 37. A LEED schatic diagram. Reproduced from Le

Energy Electron Diffraction: Experiment, Theory and Sur
Structure Determination (VanHow al. 1986).

" OCI Vacuum Microengineering littp://www.ocivm.com
"Electrim Corporation http://www/electrim.com
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3.1.4 Auger Electron Spectroscopy (AES)

1) Auger Process

Auger electron spectroscopy is an analytical technique which provides information on the elemental
makeup of the surfac An Auger process stamsth anelectronbeing ejected by an incident electron (or
X-ray) beam to form a vacancy in an otherwise occupied level. To fill the vacancy a second electron from
a higher orbital will fall into this state. To conserve energy possible processes ctake place. The
first is radidive via the emission of an-pay photon, and the secondnsnradiative involving two
electrons with one of these electrons (the Auger electron) ejected from the sample carrying the excess

energy. ¢ee Figure 3.8) The pros=#iustrated in Figure 3.8 is a KlLstransition given the three electron

energy levels involved.

o Ejected K electron :Auger Electron

Vac Vac EVac rEKLL
Ee \ E L

((((((((((((((((((

M

L1
Incident particle

K

28— ——o- L4

18 —o—o- K

(a) lonization (b) Relaxation (c) Emission

Figure 38. A schematic diagram of (a) the ejection df-ahellelectron followed by(b) and (c) a KLs
Auger transition. Graph reproduced from Handbook of Auger Electron Spectroscopy (Hedber

2) Characteristic Auger Electron Energies

The kinetic energy othe Auger electron is approximately the energy difference betweeenigy

lost by the elecon making the transition into the vacancy and the energy of the electron shell from which
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the Auger electron was ejected. IRt E», andEc be the binding energy of electrons in a, b and c levels of

theneutral atom respectivelthe kinetic energy ahe Auger electron can be expressed as
+% % % % 5. (3-15)

Here,O O is the energy lost by the relaxed electron @nd the initial binding energy of the Auger

electron.TheU termlumps together the holeole interaction engy in the final state, and any screening,
polarization and relaxation energi@esen{108]. From Equation (5), we see that the Auger electron
has a discrete energghich ischaracteristic of the three energy levels involota specific atomic species.
By measuring theharacteristikinetic energes of the Auger electronsve can make spectroscopic

identification of the element. For example, the Auger transition energy for the Si KLL transition is:
% % % % (3-16)

Due to the short mean free path of the relatively low energy Auger elgdineir mean fregoath in a
solid is only a few nm and so Auger electrons can only be detected from atoms near the surface of the

material of interest. Thus, AES is a surface sensitive technique.

Quter
Cylinder

Inner
Cylinder

Auger Electrons

~ RPN, Electron Beam and CMAAXis _____

Sample

Channeltron

Figure 39. A schematic diagram for energy selectivity of the upper half o
cross section of a CMA. Reprodddeom Handbook of Auger Electron
Spectroscopy (Hedberg 1995).
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3) Instrumentation and Spectra

The Auger spectrometesedin our laboratoryis an Omicron CMA 100 The spectrometer includes
an integrated electron guntia tungsten filament to provide a 3000eV electron beam. The electron
analyzer is &Cylindrical Mirror Analyzer (CMA). The CMA consists of two coaxial cylinders with a
negativepotential applied to the outer cylinder and ground potential applied torteedglinder. When
the electron beam hits the samm@eay backscattered electrons which enter the CMA cylinder will be
repelled by the negative potential on the outer cylindeda onl y el ectrons with
energy willexit through a secondperturein the inner cylinder to the analyzésee Figure 3.9)During
the scanning process, the electron currendnsas a

are measured.

I n addition t,6d hAugnerasal edt redresdIrwdescuacaoretnrti be
secondary and backsctahtet esricepdntad Iméad tl r, o b 0o aa@n Autgleuw s
rea,sanher thhebmpurmtotfi md ectrons emittitce ce naees gay , f WNI

more common to plot the first der i waluigee &N(eE)t/

L :
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~F E 2F 3
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Figure 310. An Auger spectrum for one monolayer of Ag on Si(111) plotted as (a) intensity vs. energy and
derivative dN/dE vs. energy.

" Omicron NanoTechnology Gibhttp://www.omicron.de
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defined.
3.1.5 Scanning Tunnding Microscopy (STM)

1) Introduction

STM, invented by Binnig and Rohrer (1982) at IBR], was the first Scanning prolmeicroscopy
(SPM) technique to be developed. Since its advent, STM has become one of the most powerful laboratory
techniques for studies in surface science, and Binnig and Rohrer were awarded the Nobel prize in 1986
for their groundbreakinginvention. STMis a surface sensitive, regppace analysis technique with a
resolving poweat theatomic level. Moreover, in addition to the topography of (semi) conducting surfaces,

STM also provides information on the local electronimmpertieg108-112].

The operating principle: When a metal tip is brought extremely close to a (semi)conducting surface,
i.e. within a few Angstrans, electrons can quantum mechanically tunnel fromto the otherThe
probability of tunneling 3 exponentially dependent on the separation. After a tunneling current is
established, the tip must be scanned across the surface in an extremely precise manner using a cryst:
called a piezoelectric which chges its size by small amounts when an elefigid is applied across it

(Figure 3.11). In the case of a piezoelectric tube, the inner and outer surfaces of the surfaces are covere

Feedback
Loop Topograph Data

for —p— | 4
Tube Analysis

Scanner

Piezoelectric
Crystal

Processing

S jl X-Y Scanner Control |

Figure 311. A schematic of the working principle of a STM.
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by metal electrodes. Applying a voltage between the inner and outerodiscresults in an
elongation/contraction ithe Zdirection. The outer electrode is also divided into four sectors to allow
deflection in XY. Applying a differential voltage between opposite sectors deflects the tube in either X

or Y. The piezo sensitities in the X and Y directions for our instnent are 51nm/V, and the sensitivity

in Z is 5nm/V. With this precision, even the smallest details on the swéacée reflected as large

change in the tunneling current. STM data are recorded and presented as STM images with the help of

specific softvare on a computer (Figure 3.11).

Tip preparation: the tip used in these experiments was an atomically sharp tungsten tip. A good tip
is extremely crucial in our experiment since it directly determines the resolution and image quality. An
ideal tip shoulderminate in a single atom. We usadedectrochemical etching technique to produce the
tip. A tungsten wire is placed into a solution ahblar NaOH and a negative potential is applied to a
counter electrode (Figure 3.12). The tungsten wire etchesraalisbat the air/solution interface iafm
produces a ragged surface with a high probability of having a single atom at the endgaatf.with a

sharp enough tip, atomic scale resolution can be attained.

=

NaOH
Solution Counter electrode

— W

Figure 312. A schematic of apparatus for tip
preparation setup.
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Modes of ®pPMradmmon!| y coplefdteesnitcotmagantg modee

and constant height mode (Figure 3.13).
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Figure 313. Schematic illustration of DTM imaging in (a) constaurrent mode and (b) constant
height mode Figure reproduced from Surface SciesaeIntroduction K. Oureet al. 2003)
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2) Tunneling Effect

As stated, the operation of an STM is baseduamtum tunneling. In classical physics, particles with
an energy less than a potential gyebarrier are confined, however quantum mechanics predicts that if
the mass of the object is small enough, and the barrier iaritlior lowenough, there is arite probability
that the electron will traverse the barriégr.one dimension,fiwe decrile the electron using a wave
function, the decaying solution for the electron wave function inside a rectangular barrier with d width

can be expressed as:
wA wmA (3-17)
The probability of finding an electron beyond the barrier is
WAs gymsA (3-18)
where:
{ — (3-19)

hereV is the height of the barrier aiidis the energy of the electron.

" Omicron NanoTechnology Gmiditp://www.omicron.de
"RHK Technologittp://www.rhk -tech.com
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In the case of STM, the vacuum space between the sample and tip acts as the potential barrier betwee
the two eletrodes (Figue 3.14(a)). When the sample and tip are electrically connected the Fermi levels
align and the work function difference leads to an electric field in the barrier region (Figure 3.14(b)). The
height of the barrier can be approximated by theamemork funtion of the sample and tip. When a
voltage is applied across the barrier, electrons on the negative side with an energy below the Fermi level
can tunnel into the empty states on the positive side (Figure 3.14(c)).

(a) (b) (c) EFL

Figure 314. A schematic of the potential barrier between probe and surface for vacuummeling. (a) Whe
separated the Fermi levels for the two materials differ due to the work function difference. (b) When th
parts are inelectrical contact the Fermi levels align. (c) A voltage is applied; the electrons can tunnel i
range of energy indicated byé arrows.

It is known that the tunnelghcurrent asmall bias and low temperature yie[d4 3]:
Yo A (3-20)

Assuming a typical work function valud 5eV, from the equation we find that a ypical tip-sample
separation of 4 7 [114], a change oflL in distance between two electrodes reduces the tunneling
probability by an order of magnitude. This hggnsitivity to seperation makes it possible to measure the
tipi sample movement very precisglye. at an Angstrom level. In praticaperation, when the tip is
scanning over the sample, a feedback controller is used to keep the tunneling current @asmiseatp

moves along the surface, thus providingographianap of the sample surface.

Tersoff and Hamann [11%leveloped @hree dimensiondaheory for tunneling between a surface and
a model tip in hheir 1985 paper. In this paper, theyr e a t the surface Oexact|

spherical potential well. According Bardeen [116]the tunneling current can be expressed as:

49



) —BiA p A% A6 - 1% % (3-21)
where'QO is the Fermi functiony is the voltage applied) andO arethe energesof statg andf
in the absence of tunneling. is the tunneling naix elemen{116]:

o}

- 2 ADCING ¢ ng’ (3-22)

wherel andl arethesingle particle wavefunctions with respect to the two electrodes. The integral is

over any surface lying entirely within the barrier separating the two sides. Though Equa@bn (3

resembles first order perturbat theory, it is different in that and[ are nonorthogonal and solutions

of different Hamiltonians. When the measurements are made at room temperature and at small voltages.

we can take the limit of small voltage and temperature and ratheitEquation (1) as:
) ?AGBH- 1% %)% % (3-23)

By treating the tip as a point prgtike tip wave funcions are arbitrarily localizaddthe martix element
- is proportional to the amplitude 6f of the samplet positionO of the tip, so Equation ¢31) can

be expressed as:
YOBE OsS1% % (3-24)

Thus the current ipropational to the local density of states (LODS) of the sampléradt the position

of the tig andthus anSTM image is a contour map of constant surface LDOS.

In order to solve Equation<{&3) in general we need to evaluate . Tersoff and Hamann [118kpanded

the surface wavefunction as:
¢ m ' "BAAGE ss UAQH (3-25)
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Wheremn is the sample volumd, 2 & %o 7 , %ds the samplework function and ® Q

where'@ is the surface Bloch wave vector tife state andOis a surface reciprocédttice vector.

Modeling the tip as a spherical potential well, the wave funcifdhe tip is of the form:

¢ m A2A [ Os A & ¢ (3-26)

wheren) is the prole volume and is the same as in EquationZ3). Using these wavefunctiomgrsoff

and Hamann [115)btained:

- 214 m[2A ¢ O (3-27)

Wherea is the inverse decay length of the wavefunctions in vacuum,the position of the center of

curvature of the tip. When substitutiggjuation (327)into Equation (323), thetunneling current yields:
) oao A6n$ w2 A BE Os1% % (3-28)

WhereO is the density of states per unit volume of probe%ijs the work function an® is the Fermi

level. As before the tunneling current is proportional to the surface LDOS.

3.2 Density Functional Theory (DFT)

DFT is a widely known quantum computational techniquedhags a description of the ground state
properties of an Mitom system using electron chargesigr{117]. In this thesis, in order to investigate
the dimensioral differences in the unit cell between our observed cell®mn ( 1 1Ag)surféacd and the
cell observed on HOPG by Gattial.[118], DFT gas phase calculations were conducted. Usually, in self
assembled supramolecular nanostructures, thenmbégcular interactions aregected to dominate when
comparedwith the moleculesubstrate interactionslherefore, we usuallygnore the substrate and

consider these nanostructuresd f r e e s t aandchodelad intthe dasyhdse. Since calculations for
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the entirelayer are comptationally unfeasible, a suprafaoular structure composed of six monomers
was used to model the unit cell. Starting with an optimizeddtaeding unit cell, we adjusted its size by
constraining the distance between iodine atoms in four corners, ajl@alviather geometric parameters
to relax. Geometric optimizations were carried out using Gaussigri9p The three cells we examined
in this calculation are: a 1.77 nm x1.77 nm cell, a 2.42 nm x1.77 nmwelad?.42 nm x2.42 nm cell.
These cells are the three closest commerswaifigurations based on the dimensiofhour observed

cell (2.07 £0.05 nm x1.83 +0.05 nm).

All structures were optimized using the hybrid PBE1PBE functi¢h20] which combines exact
HartreeFock (HF) exchange with PerdeBurke-Ernzerhof (PBE) exchange, and uses the PBE
correlation functional as formulated within generalizgddientapproximation (GGA). A bsis set is a
set offunctions used to describe the wavefunction or density. In this calculation, we used Alarhos
National Laboratory Lanl2DZ basis s¢i21-123], developed by Hay and Wadt. Using AIMALLL24],
the quantum theory of atoms in molecules (QTAIM) was additionally appiiiadthe aim of identifying
the weak bonding interactions present in each hexahilezalculations wergerformed using the oa

cluster of SHARCNET anthegraham cluster of ComputeCanada.
3.3 Sample Preparation

331 Si (111) -ABT a3 R30A

TheSi ( 11 1 )R304a-Agisdrface is obtained by depositing one monolayesileér onto a clean

Si(111) 7x7 surfaceThe wafers we use in our experiment atgpe Si(111) wafes; miscut by 1towards

ppc and purchased fromI$ionix Silicon Technologi€s The samples are mowtt on a sample holder

" Sil'tronix Silicon Technologig®tp://www.sil -tronix-st.com
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outside the UHV chamber. Gloves are used to avoid contamination. The wafer is mounted stress free
between two Tantalum coils. The sample holder consists of two metal pieces atiesigagd so that

each side is electrically isolatem the other. The sample was mounted via the coils to bridge the two
halves of the holder and permit current to flow through the sample. The current is used to heat the sample.

The sample is introducedto the main chamber via the fast entry load lock.

The first step in our experiment is to obtain a Si(111) 7x7 surface. Initially the sample is degassed
overnight at 690 €. Since the size of each sample is different, we must find the heating curattaig to
the required temperatures. An Ircon Ultimaxi®IUX20P pyrometémith an emissivity setting of 0.4
consistent withPetrovykhet al.is used to determine the currents necessary to attain 850, 1060 and 1160 €

[125].

To obtain a Si(111) 7x7 surface with an evenly spaced array of $iagjht atomicsteps we use a
procedure based on a sequence outlinddrpetal. [126]. The samples are flashed to 1160 € fdisto
diffuse residual surface carbon into the bulk. The sample is then cooled to 1060 €%gi#rid held for
1 min,where singleteps are stable. Finally, the temperature is quenched to 850C and held for 1 minute.
This quench to 850 € avoids step tliipg, and thel minanneal and slow cool down helps develop large

7x7 domains and kirkee step edges. LEED and AES are used tarerisngrange order.

After the Si(111) 7x7 surface is obtained, the second step is silver deposition. Silver films are
evaprated from a Tantalum basket. The basket was degassed during the baking procedure mentionec
previously. The Aat8ided 8 depasitinf & Flleof Agamd armealing the sample to
600 €. In this case one ML is defined as the areal densitynoéaonstructed Si atoms in the topmost

layer of the (111) face which je& p 1 atoms/cm. To deposit silver, the evaporator is bought up to

" Ircon. http://www.ircon.com
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the evaporation temperature and preheated for 2 min to allow the flux to stabilize. Then the sample is
exposedto the flux for the required time period. Following deposition, the sample is annealed for 2

minutes. LEED and AES are used to check the surface structure and the Ag coverage (Figure 3.15).

(a) . (b)\........\
# : I
" ﬁ:
=
=L i
. -g Ag
= b
=
L
= Si -
L ! I L I L ! L 1 L I ! 1
0 100 200 300 400 500 600
Energy (eV)

Figure 315. (a) A LEED diffraction pattern for thé3 - Ag surface, and (b) the corresponding Auger spec
showing three Ag MNN trasitions

3.3.2 SingleCrystals

Au(111) and Ag(111) are the two single crystafaces we used in our experiments. A clean surface
is obtained by sputtering ofontaminants together with the top lag/ef the metalusing noble gas ions
(usually Ar). To produceanion beam, Ar gas is leaked into the ion gun via a leak valve. Thaetgas
are ionized by the electrons emitted by filament. The resultant ionscalerated toward the extractor to

form the beam and are directed at the sample.

Although ion sputtering is an efficient cleaning technique, oneedfféet is degradation ofié surface
following bombardment. Therefore, subsequent annealing is requirestéoe the crystallography of the
surface and remove Ar atoms. Usually, sevepaitterannealcycles are required to obtain a clean and

well-ordered surface. Again, LEED aAdiger are performed to ensure the quality of the surface.
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3.3.3 Molecular Deposition

The last preparation step in our experiments is molecular deposition. The molecules of interest are
placed in an Alumina crucible, which is heated biurgsten filament. Td evaporator we use in our
laboratory is an evaporator manufactured by TéctFagure 3.16 is a photograph of the molecular
evaporator which shows the components.

(1) Water Cooling Lines
(2) Power Feedthrough
(3) Mounting Flange

(4) Shutter Control

(5) Flux output

(6) Rod Feed

Figure 316. A photograph of the molecularvaporator.

The filament is surrounded by a wateroled copper shroud thield the chamber from theain
radiation, and to limit the spread of sublimated molecules. A type C thermocouple is connected to monitor

the temperature close to the crucible, although the true temperature of the crucible is significantly higher.

We use lhe following sequence to degibthe molecules. The crucible is preheatedhtdesired
temperature for molecule under stué@C for TBTTA, 70€C for TIPT,50€ for TBTANG, all readings
are obtained by the thermocouplét this point the shutter ispened and the sample is expdgo the

molecular flux. Following exposure, AES is used to determine the molecular coverage.

" tec tra. http://www.tectra.de
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Chapter 4

Supramolecular structures of
TBTTA onthe
Si(111)a 3 | RBB°-Ag surface

" Published result:Surface Sciencé47(2016) 5154.
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4.1 Introduction

Two-dimensional () molecular networks can be used as active layers in hybrid electronic devices.
Hybrid devices which combine organic layers with silicon promise a wide variety of functionality
incorporated whin existing Si electronics technology. Arfdamental requirement for hybrid devices is
well-defined morphology at the interface to allow for efficient electronic coupling between materials.
Although there are many examples of ordered organic supranmaniémygrs on metal surfaces, such-self
asserbled structures are significantly more difficult to achieve on Si surfaces siacsurfacesare
considerably more reactive to organic molecules. For example, STM measurements indicate that
thiophene adsorbs anthe Si(111) & 7 surface via a [4 + 2] ¢yoaddition reactiofil27]. To overcome
this readivity, one approach is to passivate thes8iface to allow for supramolecular ordering ed 2

organic films[26, 128132]

Supramolecular selissembly on surfaces is driven by molecule surface and intermolecula
interactions. Recently, ihas beerdemonstrated that halogen bonding can drive theassémbly of
organic molecules on metal surfadd®, 69, 133136], highly ordered pyrolytic graphite (HOPG)

[137-139], and on passivated silicon surfage3l, 140]

Due in part to efficient electronic conjugation and chemical stability, thiopbased oligomers have
found particudr applicatbn in organic electronics[85, 141] For example, poly(3;4
ethylenedioxythiophene), PEDOT, is one of the most industrially important organic conductors, and some
thiophenebased semiconductors exhibit hole mobilities up to ~28 \¢h s'* in organic field effect
transistors (OFETJN42-144]. Understanding how thiophet@sed building blocks sedfissemblento
semiconducting solids, particularly at the interface with other materials (elestaod dielectrics) is of

paramount importance for further progress in the field.
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In this chapter, we use STM to study the room temperature adsorption of arcorgdecule
tetrabromotetrathienoanthracene (TBTTA%5] onto a passivated silicon surface. TBTTéAthiophene
based organic molecule with four thiophene rings at the four corners (Figurasikilpwn to forma
halogenbonded supramolecular layer on HOPIG37], and a  -conjugated &1 polymer on the Ag(111)
surfacg146]. The suitability of th& i ( 1 2AD purfacedfor the growth of hybrid orgarsdicon devices

is investigated.

Figure 41. The molecular structure of TBTTA. Bromine atoms are indicated ii
carbon atoms in grey, sulfur atoms in yellow and hydrogen atoms in whit

4.2 Experiment

All measurements are performed in a single UHV system with a base pressure of approximately
2 x10'*° Torr. The annealing sequence is based sanaple claningprocedure outlined by Viernoat
al. [147]. Detailed information on sample preparation, techniques used for surface quality assessment, and

STM scanning can be found in Section 3.2.

The 43 | ayer is formed by egocoyeragollnvl (IMbigdefsedl i ¢c o

as 7.8 x10'* Ag atoms/cr). The Ag is evaporated fromtantalumbasket and, following deposition, the
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sample is annealed at 580 AC for 2 min. The re

observed in EED.

The TBTTA molecugs areprovided by collaborators argynthesized according to the procedures
described byBrussoet al.[145]. To deposit TBTTA onto th& i ( 1 1-Ag)surfécd, the molecules are
sublimedin-situ from an alumina crucible onto the sample held at room temperature. The molecular
coverage is monitored using AES. The AES spe@vaal an LMM transition at 153 eV due to sulfur,
and a carbon KLL transition at 272 eMowever, the KLL transition overlaps dvar transition (MNN)
at 351 eV. Aroughestimateof the molecular coverage is made by comparing the change in amplitude of
the sulfur peak with respect to the silicon LMM transition at 96 eV, Fig@&xeB4omine also exhibits an
Auger transition at 1393\ however, this peak was not tracked due to the dmmal strength. STM

measurements are performed at room temperature using electrochemically etched W tips. STM images

dN/dE (arb. units)
IIIIIIIIIIIIIIIIIIIIIIIIIIII

IIIIIIIIIIIIIIIIIIIIIIIIIIII

100 200 300 400 500 600
Energy (eV)

Figure 42. An Auger spectrum of a TBTTA covered Si(M3) W3-Ag
surface. The size of theulfur LMM transition at 153 eV relative to the silic
transition at 96 eV was used as an estimate of the molecular coverac

(=]
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are obtained using an Omicron Micro SPMth RHK SPM100@ control electronics and alinages are

taken in constant current mode at ro@mperature.
4.3 Results andDiscussion

The annealed (111) surface of silicon is 7 x 7 reconstructed and the unit cell contains 19 silicon
dangling bond$33]. The adsorption of oligothiophenes 8i(111) surfaces has rarely been studied due
to the fact that thiophene forms covalent bonds with Si surface §1@ns148. To passivate the (111)
sur face, we adsorb 1 ML of Ag to form a a3 1 &
chain trimer (HCT) mo[d6g bne mdnolayean & AgabBhds covateatly ® the Qi c t i

surface atoms leaving no dangling bonds. An STM image oSthe( 1 1-Ag) surfa& is shown in

Figure 43. (@) AnSTM image of th&V3xW3-Ag surface (Mmpd b 1 ®p  * T (bJAf lawgoveragd, thed
TBTTA molecules formdlstructures on thaV3-Ag surface (Mmpie=1.7 V, | = 400 pAjc) At higher coverage
(Vsampie= 1.2 V, | = 110 pA), ordered TBElierstructures are formed. The image includes thvé8 terraces

separated by Sitomicsteps extending vertically. The horizontal streaks (see arrow) are due to diffusi
molecules. The ordered supramolecular islands exist in one of three rotational directions (sedingsj.

" Omicron NanoTechnology GmbH. http://www.omicron.de
"RHK Technologttp://www.rhk -tech.com
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Figure43( a) . The i mage reveals the hexagonal &3 sur
defects, and a disordered region adjacent to the step edge on the lowerwdvicdcae believe can be

attributed taa small amount odontamination

The data indicates that TBTTA monomers are quite mobile oS thg 1 1-Ag) surfac® at room
temperatureWe find no ordered molecular structures at low coverage, however individual molecules are
distinguishable, as are small, predominantly ciémislands (Figure 8(b)). These islands are dynamic,
and the adsorbed molecules readily migrate and accunautate st e p e d g e s -Agstructre.f e c t
With increasing TBTTA coverageyore stabl@-d islands are formed (Figure3{c)). Many of theSTM
images of surfaces with naeaero TBTTA coverage exhibit horizontal bright streaks (Figudgb4.and
(). This apparent oO6noiseb6 is attributed to diffus
scanning along the fast scan directjip#9]. We also observe temporal changes in the STM scans on the
order of mintes and can discern the attachment and detachment of TBTTA moraitherperimeter of

supramolecular structur@sto the 2d molecular gas orné surface. The dynamic behavior indicates both

Figure 44. Two images taken consecutively in the same region at higher bias. The first image (a), e
several ordered molecular islands. After several scans (b), it is apparent that some of these island:
completely decomposed g¥mpie= 1.6 V, 1= 110 pA).
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a relatively weak energy for molecular attachment/detachmethieasupramolecular domains, and a

relatively high mobility for TBTTA monomers on tig&i ( 1 1A surfaca.

The supramoleculatructures are also quite sensitive to changes in STM bias conditions (Fure 4.
We observe that the ordered supramolecutanans can decompose when imaged under high
(IVsample| > 2 V) or low (|Mampie| < 0.7 V) conditions,\en thoughhe spedfic values vary depending on
tip conditions. At high bias, we believe the increased electric field leads to the dissolutioa of
superstructures, whereas at low bias, the monomers are swept away due to physical interactions with the
tip. We have no eviehce to suggest that the highas tunneling conditions can induce any chemical
changes in the TBTTA monomers. For example, wiendt observe the formation of metaiganic or
covalent structures of the type seen on the Ag(111) surface following detatioggh46]. The bias

dependence provides further evidence that the supramolecular domains are weakly held together.

The ordered TBTTA domains can be defined by an oblique primitive cell with a long side of
(2.7 £0.1) nm, a short side of (1.1 £0.1) nm, andargle of (113 +2) degrees (Figuresfh)). We are
not able to obtain suimolecular resolution in our room t@erature measurements; therefore, we cannot
experimentally determine the orientation of the TBTTA monomers within the unit cell. In the ball and
stick model displayed in Figure %b), we have assumed a singular orientation and the specific choice
displayel is based on DFT calculations for a fstending TBTTA layef{137] to be discussedrhe
supramoleculadomains exhibit a definite epitaxial relationship with respect to the underlying lattice: the
long axis of unit cells are rotated by 40 £2 degrees with respect to one of the threeyhighme t r y &
directions Therefore, weobservethree rotational domam (highlighted in Figure 3(c)) consistent with
the Gv symmetry of the substrate. The epitaxial relationship also points to the possibility of a

commensurate overlayer. Within experimental error, the measured unit cell dimensiamseterat with
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a canmensurate cell defined by vect@s= 3as s+ 20a 3 andbm= & 3+ ba 3 where|aa = |bs $= 0.67

nm. Expressing the commensurate cell in matrix form yields:

G o ¢ Gr
W PP W

With increasing coverage, the size and stabdityhe supramolecular domaingreases. Figure 3b)
includes a supramolecular island and bare patches exposing the undenyi(gl 1-Ag)subsir&te. On
closer inspection, thetructural domain®ften terminate or have voids when they encounter defects
domain boundariegrpointd e f ect s i n tAgRyeusea arows)yltiisragparénBthat defects

in the 83 reconstruction can | i mit the extent

L M ® MOWB NAY. Thelimag)
in (a) reveals four TBTTAveredW3 terraces separated by sindieight Si atomic steps running vertically
the image. The zoomeith image(b) highlights both the unit cell and defects in &3 structure (arrows),

which appeato limit the extent of the TBTTA domain.

Gutzleret al. investigated the structure of TBTTA layers at the ligsmlid interface[137]. It was
observed that TBTTA molecules form a highly orderedir?etwork with an oblique unit cell (1.5 +0.1)
nm, by (1.1 £0.1) nm, with an angle of 114 degrees at the highly oriented pyrolytic graphite (HOPG),
1,2,4trichlorobenzene interfaceThey also performed DFT calculationsto gain insight into the
intermolecular binding of this TBTTA layer and identified pawvalent halogen bonding between

monomers as the primary interaction driving the-asfemblyn the sypramolecular layer.

63



The unit cell weobserve onth& i ( 1 XAg)surfacg is similar to both the observed cell on HOPG,
and the DFT optimized cdll37]. The two experimental cells agree within error, i.e. lodg 1.7 +0.1)
nmonSi ( 1 L:Ag)versu8(1.5+0.1) nm on HOPG; the short side (1.1 3®h versus (1.1 £0.1)
nm, and an angle of (113 £2) °compared to 114 °on HOPG. The similarity is striking considering the
fact that the two underlying substrateave very different lattice vectors (0.25 nm for HOPG versus 0.67
nm for theS i ( 1 12-Ag)surfacg), and surface chemistry. The similarity is a strong indication that the
size and symmetry of thHEBTTA overlayer on th& i ( 1 1Ag)surface is also detminedprimarily
by intermolecular interactions and that the substrate only plays a secoalg i.e.in orienting the
domainsBased on theimilarity with HOPG,we conclude thalebromination of TBTTA does not occur
at room temperaturdyut rather intact monomers form-8 supramolecular domains on the silver
terminated silicon surface. Indeed, we have found no experimental evidence of dehalogenation. In contrast
debromination of TBTTA occurs readily on the clgsecked Ag(111) surfaces at room feanature[19],

and the resultant TTA monomers form-d 2rganometallic network (TTAQ-TTA).

4.4 Summary

We find that theSi ( 1 1-Ag) surfacg provides an inert, highobility template for TBTTA
adsorption. At | ow coverage, TBTTA monomeAgs r e
overlayer and STM images show direct evidence of molecular diffusion at room &tonpeAt hidner
coverage, supramolecular structures are formed with an oblique unit cell defined by lattice vectors of
(1.7 £0.1) nm and (1.0 £0.1) nnand an angle of 113 ¢ The domains exhibit a definite epitaxial
relationship to the substrate. Thadpaxis of tie unit cell is rotated by 40 °t2 °with respect to one of
the highsymmetry directions of the substrate. With increasing coverage, we find that the size of the

supramolecular domains is often limited by defects in the under®/ing 1 XAlgsubsir&te.
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Temporal changes and bidependent effects indicate that these structures are quite fragile and lack
strong intermolecular interactions. The dimensions of the oblique unit cell we observe are similar to the
energy minimized struate of a freestanding THTA layer obtained by DFT137] and provides strong
evidence that the monomers do not undergo debromination, remain emacthat the dominant

interaction within the domains is inteahecular halogen bonding.

TheSi (111) &g reddrstRiBionSsuccessfully eliminates any covalent interactions between the
silicon surface and the oligothiophene molecules. Ordered molecular domains are held together by weak
intermolecular bonding. Ifact, silver passivation ohe Si(111) surface yields a surface which is less
reactive to TBTTA monomers than the close packed Ag(111) syffa6¢ Theseresultssuggest that the

Si ( 1 1-Ag)surfacemay indeed be aideal template to explore the molecular ssfembly of

halogenated oligothiophene layers with potential application in hybrid organic silicon devices.

65



Chapter 5

Adsorption of TIPT on
Si (111) &Ag&ndAgRBLY A
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5.1 Introduction

|t has been shown that hal ogen AdArsianblo(@)e n i
supramolecular networks on inert surfafEE3]. In chapter 4, we repted thatthe high-mobility of the
Si ( 1 1-Ag)surfac8sextends to the adsorption of halogenated organic molechdesiscussed in
Chapter 2, ne approach tgurface confinegholymerization is the adsorption of halogenated aromatic
precursors onto ana@nically flat singlecrystal surface. The surfacanactto both catalyze the de
halogenation of the arfalide, and also confine the subsequent polymerization reaction in two

dimensiong18, 150, 151]

Although a number of examples ofdpolymerization on single crystal metal surfaces have been
reported[15-19], very limited work has been done to explore surface confined polymerization on
semiconducting surfaces suchsdlicon.As concludedn Chapter 4,HeS i ( 1 }Al)surfacés weakly
interacting, allowinghalogenated organimolecules to remain mobile and interact with each other to
create weHordered overlayer®ell-ordered organic films have been reportadhis substrate for sevdra
organic moleculef22-26]. An active polymer layer on alision surface could form the basis of a hybrid

device which could be incorporated into existing Si electronics techn{20gg1]

In this chapter, we compare the adsorption of the halogenated organic molecu&ist#,6
iodophenyl)1,3,5triazine (TIPT see Figure 5)1onto two related surfaces, Ag(111l) and the
Si ( 1 :Ag)surf@c@The experiments are performedUHV using room temperature STM, to study
the effect of the substrate on the adsorption. TIPT was chosen because it forms a high quality self
assembled moledar network (SAMN) onboth HOPG and Au(lllyurfacesand it also forms a-d
polymerlayeron the Cu(111) and Ag(111) surfassich has been reported by Gianluca efl&2]. We

reproduced thpolymerizationresults on Ag(111) so as to compare with ourresulSon( 1 XAg) a3
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Moreover, TIPT features a triazine core which includes 3 nitrogen aloragine based compounds are
considered effective electraransportmaterialsand have been used broadly in organic hgmitting

diodes (OLEDs]153].

Figure 51. The moleculastructure of TIPTiodineatoms are indicated ipurple, carbor
atoms in grey, nitrogen atoms in blue and hydrogen atomshite.

5.2 Experiment

All experiments are performed in a single UHV system discussed previously. Detailed information on
sample preparation, techniques used for surface quality assessmentMasda®mimg can be found in
Section 4.2A clean Ag(111) single crystal was prepared by repeated cycles of sputtering WihnsAr

and annealing at approximate&dg0
Theefficacyof this sputtefanneal cyclevasverified by AES and LEED.
TIPT depositio

TIPT moleculeare synthesized and supplied by collaborators at McGill UniverSitydeposit the
TIPT monomers ontoth® i ( 1 XAlgand Ad§111) surfaces, the molecules are sublimeitu from a

boronnitride crucible onto samples at ambient tempeeatdolecular deposition is confirmed using AES.
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For TIPTonthe&s i ( 1 X:Agpurfac® AES spectra reveal an iodine MNN transition at 519 eV, and
a carbon KLL transition at 272 eV (Figur&p.The carborransition is partially masked by a silver MNN
transition at 351 eV. A crude indicator of molecular coverage is determined by monitoring the change in
amplitude of the iodine peak with respect to the silicon LMM transition at 96 eV. A small nitrogen Auger

transition at 389 eV is also observed, howeher peak was not tracked due to the low signal strength.

Ag

m -

S T T T [N T T N N T U T T T N O T U O O T T O O O A
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Energy (eV)

Figure 52. An Auger spectrum of dATcovered Si(1)IW3 W3-Ag surface. The si
of the | MNNtransition at519eV relative to the silicon transition at 96 eV was use
an estimate of the molecular coverage.

dN/dE (arb. units)

For TIPT on Ag(111), the MNN transition from the silver substrate is substantially stronger than the
transition from the single laysilveronSi(111) -Agd3 and thus the carbon peak from the TIPT molecule
is entirely masked. Similarly, the iodine peak is partially maskeghlmxygen KLL transition at 509eV
(Figure 53). Actually, the small oxygen signal exigtsior to molecular depositioand we bdieve ths

canbeattributed to sample holder.
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Figure 53. An Auger spectrum of a TIPT coveredlAd)surface.

5.3 Results andDiscussion

5.3.1 Adsorption of TIPT on Ag(111)

1) Molecular Adsorption with Substrate at RT

The following Figures are examples o8TM images of TIPT molecules depositedtbr Ag(111)
surfaceat different coverage, a lower coverage region (Figude &proximately0.47ML) and a higher
coverage region (Figure% approximagly 0.94ML). In both images, opepore networks of TIPT can be
clearly identified. These networks are composed of polygons, predottyimexagons and pentagons but

also heptagonandoctagons.

As seen in Figure 8, on closer inspection of the TIPT network, we can dieaiscern bright
protrusions(red arrow in Figure 5.4petween adjacent TIPT monomers. Thésight features are
atiributed to singlesilver atoms which coordinate two (and occasionally three) radiceigse
organometallic structures consist of ramdlereddehalogenatetholecules connecteda Ag adatoms of

the surface. Thosestructureshave also been referred taa s profo-p o | y mia sisilar systems
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Figure 54. STM image Ag(111) surface with lower TIPT coverage. Both opened and closed strut
formed by TIPT can be observed. Metallic atoms can be identified at the edge of each molsirigks
molecules are overlapped by TIPT monomers masked in red.

[17, 154, 155] Other than the molecat structures, we also observed sofne or r ugat i ons¢c
background. We believe dbe featuresare due to the diffusing iodine atoms tleae liberated after

dehalogenation.

Figure 55 showsthataregion closdo thestep edgdas aelatively higrer TIPT coverage. We believe
this higher coverage is duepceferred nucleatioat the step edge. Free radicals are more likely to attach
andinitiate growth at step edg§29].
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Despite tle increased number of molecules on the surfaire 5.5also indicates a high defect
density and irregularity in the molecular contiéty in theregion. In addition to the opgrore network,
we find a large number of dimers and open structioresedon the surfacéhighlighted by red frames in

Figure 5.5)

" __»_ : . : ,_.7__;- = —‘&_ o x|
Figure 55. AnSTM imagef the Ag(111) surface with higher TIP

coverageA large number of molecules and higher defect densit
observed.

2) Organometallic TIPT Structure son Ag(111)
In order to gain a deeper insight into the character of the TIPT organometallic structures on Ag(111),
a high resolution STM image tieorganometallic TIF clusters formed on Ag(111) surface is presented

in Figure 56(a). This image has a scan area 6fr8n by 3.5 nm. At this scale, we can easily identify two
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Figure 56. (a) Alarge scan of the organometallic structures d®Tlon Ag(111}b) Azoonedin image of the

organometallic structure Slver adatoms and iodine atoms are pointed by blue and yellow tespectively

(c) A region in which one silver adatom is coordinated to three radicals. Single iodine atom issaelsedk
inside the pore.

different types of features in the image. One is the bright protrusions bgitveeyl groups o&djacent
moleculesA similar observation was reported by Gutzétral. [17] for the organometallic structures of

1,3,5tris(4-bromophenyl)benzene (TBB)N Cu(111) at room temperatunerethe bright protrusions
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