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ABSTRACT

The studies presented in this work are aimed towards a better understanding of the
fundamental physics of the electrode/organic molecule interfabetmthe ground and
excited state manifolds. Systematic investigations of sisgtems using two-photon
photoemission (TPPE) and ultraviolet photoelectron spectroscopy (UPS) werakewler
in order to assess the evolution of the electronic structure andutal®rganization at
the interface. The adsorbate molecule vanadyl naphthalocyanine (V@Nc¢)sed whose
properties are well-suited to this purpose. Interfacial electrsiaites of thin films of
VONc were studied with two different substrates: highly ordgugblytic graphite
(HOPG) and Au(111).

The substrate of HOPG is a surface which does not possesseaeadanigling
bonds and the electron density close to the Fermi edge is veryp&mijtting high
resolution spectroscopic band analysis of VONc and revealing suisdlgges to the
electronic structure. From interfacial studies of this weaikieracting substrate/
adsorbate system, it is shown in this work that molecular electtenels in both the
ground and excited state manifolds can shift independently of the vaenmamHRurther,
electron transfer between close lying electron donor and accaptogy levels may be
influenced by energy level shifts caused by depolarizatiowteftes a function of dipole
density.

The VONCc/Au(11l) interface is investigated in order to exammergy level
alignment in a system with the additional complexity of molesulegtrate interactions.

The electron rich Au(111) surface leads to a strong interfge@ledupon addition of
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VONc. Joint experimental and computational data is presented shawaigthe
underlying cause of this interface dipole is Pauli repulsion. Additionally, inegisting of
energy level alignment in the excited state manifold areepted and the possibility of
guantum interference is discussed.

The interfacial electronic structure is quite different amdmgse two model
systems. The interfacial alignment observed in the HOPG/VEN&iEm was largely due
to depolarization of the intrinsic molecular dipole as a functioneosidly, whereas the

Au(111)/VONCc interface is dominated by interfacial Pauli repulsion intiersct
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CHAPTER 1

INTRODUCTION

1.1 Overview/Motivation
Why study organic/electrode interfaces?

Organic/electrode interfaces are ubiquitous in organic electamuizes which
have been gaining attention since the first studies reporting dontguof organic
molecules in the early 1960's° Organic electronic devices utilize a thin film of a semi
conductive organic material as an active layer for illuminatiorcharge production.
Integral to device design is an interface between the orgahue dayer and the metal
electrode where charge carrier injection occurs in organic sliade transistors and
charge carrier collection takes place in organic photovoltaics (QPV'’s

These organic devices are of interest because they offer newvilgessin terms
of size and structural control, while remaining economically adggaus. Molecules
that construct the active layer can be synthesized to meetisplesiice purposes, such
as color of light emitted or solubility in processing solvéntShe processing
requirements are less severe than those of traditional inorgamiicanductors,
especially if molecular self-assembly, chemical recognition, and dgretiereochemistry
of active layer molecules are utilized; this leads to cfiisient production® This cheap
production allows for the use of organic thin film transistor cirguin disposable
everyday items such as smart cards and inventory tags. Fusteeras increasingly

small, more compact devices are in demand, molecular electrdlues dor scaling
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down electrical circuits to molecular dimensions.

As promising as the organic molecules used in molecular electamaict is now
understood that in order to realize the full potential of organidret@cs, some hurdles
must be overcome. These are: (1) finding materials that acgesffat transporting both
electrons and holes, (2) controlling molecular orientation/packing in thin fdnmsgrove
transport properties, (3) finding materials that are stable ustderdard operating
conditions (.e. oxygen atmosphere, high temperature, etc.) and (4) understanding and
improving the properties at organic/electrode interfaces whieaege collection and
charge injection occurs.

In order to overcome these hurdles and realize the potential of o&gantronic
devices, a deep understanding of the electronic properties of rmateréaces must be
obtained”™** Charge injection from electrode to molecular film and vice versa depends on
interface properties such as energy level alignment betweescutenl orbitals and the
metal Fermi level and electronic coupling strength between malecthitals and metal
bands'® If these parameters are optimized between two electrstaies across an
interface, charge-transfer will proceed more rapidly, favoringlikethood of charge-
transfer occurring between those two states over one of théplauénergy-loss
pathways available. However, predictive control at the interfacdifficult because
individual bulk material properties are not retained. Often a conbidergerface dipole
is developed through partial charge-transfer or exchange careliatieractiong®°
resulting in large and generally short-range electric fielit direct impact on the

interfacial energy level alignment. Governed by the ground statecular polarizability,
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these fields may induce additional dipole moments, thereby altgrengnterfacial and
molecular electronic structuté’® The rate of charge-transfer processes may also be
strongly influenced by interfacial electrostatic fieldsronclassical Stark effect8 This
suggests that interfacial charge-transfer may be manipulatadcontrolled fashion if
electric fields can be deliberately modified. Steps in thisctioe have already been
taken by other$’*® Much remains to be learned however, and in this body of work | use
well-defined thin films of oriented dipolar molecules, where thparse of the vacuum
level and the molecular ground state manifold can be expldwditionally, in this
dissertation, molecular excited states are examined ataoestf because much less is
known about the excited state manifold.

Characterization of the excited state manifold is complicajethé short-lived
nature of excited states and the presence of multiple excitagitbivays. Despite these
difficulties it is important to understand the excited state fomhbecause these states
are intimately involved in interfacial charge-transfer. Thaligts presented in this work
are aimed towards a better understanding of the fundamental phykidbe
electrode/organic molecule interface in both the ground and extatednsanifolds. The
interplay between molecular and interfacial electronic strudturar from clear and
depends sensitively on the thin film organization, making predictiveaiaftinterfacial
energy level alignment still challenging. Systematic invesbgs of single systems are
therefore important in order to assess the evolution of the electsbnicture and
molecular organization at the interface. To this end, | studyubreirepared electrode

materials in isolation first, and then observe the changes and frerids electronic
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structure that take place with the formation of an organic moletedtrode interface.
Each interface is slowly built up in order to establish the pettef change from a clean
surface to an electrode/organic interface. | use the adsorbatecuteolvanadyl
naphthalocyanine (VONc) whose properties are well-suited to this @urgoke
phthalocyanines, VONc can be vacuum-deposited, allowing the growth ledlefieled
interfaces from sub-monolayer (ML) to multiple ML coverdy®/ONc is structurally
related to the phthalocyanin®?* with a considerably larger polarizability providing
high sensitivity to the local electrostatic environmenn addition, VONc has a large
absorption cross-section in the near-infrared and an optical gap of £5neking it
suitable for photovoltaic applications. | will show that moleculactebmic levels can
shift independently of the vacuum level and as a result electrasfdraefficiency
between substrate and adsorbate can depend on adsorbate coverage.

In the following sections of this chapter, the morphology and electsbnicture
of the underlying substrates studied in this dissertation are sestufollowed by a
discussion of surface properties that are commonly influenced bgrésence of an
adsorbate. Next, adsorbate electronic structure will be discussedns of measurable
properties at the interface. Lastly, a brief outline of the @maptovered in this

dissertation will be presented.

1.2 Substrate Surface Structure

As discussed in the last section, efficiency in organic releitts relies on

effective charge-transfer between materials at intesfa@harge-transfer kinetics at
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interfaces is driven by interfacial electronic structuréemns of energy level alignment
and electronic coupling strength. Electronic structure is in tutoein€ed by interface
morphology.In this thesis, two conductive substrates with very different mooghes
were used: Highly ordered pyrolytic graphite (HOPG) and Au(l1lldiscuss the

morphology of each of these substrates in the following two sections.

1.2.1 HOPG

HOPG is a semi-metal composed of sheets of bonded hexagonah carty®
Each carbon atom is Spybridized and bonds to three adjacent carbon atoms in the same
plane. Each planar sheet of bonded carbon atoms is attracted to ¢healstve and
below it through weak van der Waals forces rather than claéiminds. HOPG has an
angular spread between sheets of less tAdhWithin each sheet, electrons are strongly
delocalized due to the alternating single and double bonds, giving tise conductivity
of this material. However, the conductivity between sheets ipeéhgendicular direction
is lower by a factor of about 100. On a typical surface, domainsdefext carbon rings
predominate. Each of these domains lies flat on the surface, but dependihe degree
of mosaic spread one domain can have a different axial orientattbnregpect to
another. HOPG with the lowest mosaic spread available (mosiylogiéred) was used
in these experiment&Vhen describing the morphology of a substrate such as HOPG,
where the atoms are arranged in a periodic array, the concém &ravais lattice is
useful. The Bravais lattice consists of all points with position ve&arfsthe form

R=n+n, +n, 1.1
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wheren;, rp, andnz span through integer values, amd a andag are primitive lattice
vectors. For any choice of lattice vect@r the lattice looks exactly the saffeFor

graphite, a set of primitive lattice vectors can be defined by:

03,3

—a,—a,0

2 2 12
o _ﬁa'§a’0

2 2

°©00c

wherea is the distance between two bonded carbon atoms (1.4 A3 snthe distance
between consecutive graphene sheets (32 Bjimitive lattice vectorsy, a andag are

indicated with red lines in Figure 1.1.

Figure 1.1. Two staggered graphene sheets, several layers of which makapiptey
Black solid lines represent covalent bonds, primitive lattice ve@rsy, and az are
shown in red.
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1.2.2 Au(111)
Au crystallizes in a face centered cubic (fcc) lattice. Thél) surface is

1.1, 1:1:1. Figure 1.2a) shows a unit cell of

Au with primitive lattice vectorsy, a, andas, Fig 1.2b) illustrates two equivalent (111)

. 1
terminated along a plane such tTa’T:

surface cuts in purple along two different plarfiesrminating the gold surface at a (111)
plane (rather than a (100) or (110) plane) affébts morphology and the electronic
structure at the surface. For example, if a tertronas made in which many bonds are
broken, the surface will be reactive. The surfacmination also affects the vacuum level
and the work function, as will be discussed inisecfi.4. The Au(111) surface has a
hexagonal atomic arrangement as compared to tkengedar arrangement of both (100)
and (110) surfaces in Figure 1.3. This high degreesymmetry prevents therefore

preferred alignment of molecular adsorbate alopgréicular axis.

a)

Figure 1.2.a) Face centered cubic unit cell with primitivectees indicated in red. b) fcc
unit cell with two different (111) planes in purple
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(111) (100) (110)

Figure 1.3. Different surface terminations of a bulk fcc goédtice. Orange represents
surface layer gold atoms, yellow represents galdhatin the layer below.

The Au(111) surface is fairly unique in that it lmastrong tendency to reconstruct

in response to the tensile stress of an unrecaisttusurface. A lower energy

configuration arises through rumpling of the suefac form a 22 /3 reconstruction in
which 23 atoms are compressed into 22 lattice s@gglting in a herringbone structure.
In addition to the changes in surface morphologis surface reconstruction also has
some effect on the surface electronic structureiafigences adsorption kinetics. Metal
over layers such as Co and Ni have been found ¢teate at the herringbone creases; it
is therefore possible that the reconstruction caalkb have an effect on molecular

adsorbate geometfy.
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Pp—— direction of compression ——

Figure 1.4. Au(111) 22~ /3 reconstruction, resulting in compression of atcansl
herringbone patterif.

1.3 Substrate Electronic Structure

The surface reconstruction of Au(11ll) is just onfe nmany examples of
morphological structures and electronic statesgelosely intertwined, a theme which
will come up frequently throughout this thesis. ts section, the origins of several
substrate electronic states will be discussed. iAoisides the behavior of electrons in a
periodic lattice, such as that formed by Au atomAu(111) and carbon atoms in HOPG,
and the effects of lattice termination on electcostructure at the surface. To this end, |
begin the section by describing the electronicestah a solid before moving on to

discuss the impact of surface morphology.

1.3.1 Band theory of solids
A useful starting point to the discussion of elesic states is the free electron

model. In this model, electrons reside in spacé winstant potential energy(r) = Vo.
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According to the Schrédinger equation:

- 2 ~
N2 +V(r) Y =EY 1.3
2m
and therefore
21,2
E =X 1.4

2m

for a free electron whede= momentumEy = kinetic energy, anth = effective electron
mass. However, valence electrons in a solid arergéy not in constant potential space.
Rather at every atom, a potential well is felt bg electron; therefore the nearly-free
electron model (NFE) is more applicable. Here, aopec weak potential is introduced,
with a periodicity that is the same as the peribgliof the lattice. At any point in the

lattice

V(r +R) =V(r) 1.5

for all Bravais lattice vectorR.
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AV

Figure 1.5. Periodic potential from crystalline arrangement atbms. Dark circles
represents atomic core (ion) sites, dashed lirggsent the potential at single ions, solid
lines represent potential along a line of ionsjatbtines represent potential along a line
between planes of ions. After Ashcroft/Mermin.

Bloch’s Theorem states that the eigenstagted the one electron Hamiltonian with this

periodic potential have the form of plane wavesesna functionv,, r( )with the same

periodicity as the atomic lattice:

ynk(r):eik)rvnk(r) 1.6

In other words, the electronic wave function repres a free electron modulated by a

periodic potential, hence the namearly free electron model. For eadh, multiple
solutions exist, giving rise to the appearancéefliand index. Translational symmetry

exists also in reciprocal space in a fashion simidareal space. The reciprocal lattice is
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the set of all vectork such that

1.7

iIK-R _

Thus, solutions to the Schrédinger equation inNR& model take the form of

E =E 1.8

n,k+K nk

Electrons with wave vectorsot in the vicinity of Bragg planes have the energy of

free electrons (Equation 1.4). Free electrons sjitcific values ok , such that they are
lying at or on a Bragg plane, undergo Bragg refbest In the simplest case of a 1D
lattice, Bragg planes have a periodicity occuriang

k=%(np/a) 1.9
wheren=1,2,3...anda is the lattice constant.

For those electrons with wave vectors at a Bragmeyl standing waves are
formed from destructive and constructive interfeeerof plane waves. Solutions for
electrons with wave vectors at a Bragg plane inNR& model can then be determined

using Perturbation Theory and take the form:

E, = LS +(V,) 1.10
k om k

This gives rise to a band gap qvg between consecutivevalues. Figure 1.6 illustrates

the difference between energy as a function of waetor in the free electron model and
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in the nearly free electron model.

a) E(K) b) AE() ¢) AE(K)

\

k 1 L} 1 1 1 1 -
-3n/a -2rw/a -m/a 0 ta 2n/a 3wla -m/a 0 /a

-3n/a -2rw/a  -mla 0 wa 2mla 3nla

Figure 1.6.a) Electron energy as a function of wave vectofrée electron model. b)
Same as a), but with NFE model. Band gaps occBragg planes. ¢) Same as b), but
using Equation 1.8or simplification (reduced zone scheme).

The electrons on the low energy side of the bamdaga given Bragg plane have
s-like character, while those on the high enerdg $iave p-like character. This is a result
of the constructive and destructive interferencamfrreflections at the Bragg plane

leading to s-like or p-like electron density wittspect to the ion centers:
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lyl? 78

Figure 1.7.a) Standing wave representing thiferenceof a right and left directed wave
reflected at a Bragg plane. Electron density nodem core (black circle) and high
electron density on either side gives p-charatfe6tanding wave representing thiem
of a right and left directed wave reflected at ad®y plane. Electron density high at ion
core gives s-character.

Electron density closer to the positive ion coreseg rise to lower average potential
energy in the s-like configuration, whereas higbactbn density between positive ion

cores results in a p-like configuration with typigdnigher total energy.

1.3.2 Surface states

Surface states differ markedly from bulk statesaisolid. At the surface of a
metal, the periodic potential in which electronside is terminated abruptly, altering the
nature of the wave function in this region drasljcaFigure 1.7illustrates the periodic
nature of the potential energy inside the bulkingsquickly in the region where the
surface is terminated. This sudden change in paterhergy experienced by the

electrons gives rise to several different surfaoperties.
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Figure 1.8.Periodic crystal potential in 12 {s perpendicular to the surface) terminating

at an ideal surface. The potential increases quigkhen the surface is terminated
(dashed line§’

In the final layer the surface atoms only have lnleaying atoms on five sides and
vacuum on the sixth side, whereas bulk atoms arewwded by neighboring atoms. The
change in potential and break in crystal symmetryha surface gives rise to surface

states which can be broken into two categories:cl8by surface states and Tamm

surface states.

1.3.1.1 Shockley surface states

Shockley surface states can be described usingNte model and arise from
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joining together the periodic crystal potentialtbé bulk lattice with a constant vacuum
potential on the vacuum side of the interface. {datsf the band gap, the solutions to the
Schrédinger equation with this piecewise poterdieécribe electrons with propagating
electron density into the bulk and decaying abdwedurface into vacuum. This will be
discussed in more detail in section 1.4. Anothém$solutions with energies inside the
band gap can occur if the gap is “Shockley invértddhis means that the electron
standing waves at the lower edge of the band gap hanode at the location of the
surface atoms (p-like character). As discussetiandst section, the lower energy side of
the band gap (or lower edge) is normally made upawofs-like electron density
distribution, while the higher energy side of tremt) gap is normally made up of a p-like
electron density distribution. This situation cae imverted ifVx (Equation 1.10) is
negative. The presence of an inversion allows tis¢ derivative of the electron wave
function to be continuous, a requirement for itssenceinside the band gapThe
resulting Shockley surface states are found enesaljgtjust inside the lower band gap.
While bound in thez direction (perpendicular to the surface), theyewfexhibit free-

electron behavior parallel to the surface with &ffe electron massesne.*

1.3.2.2 Tamm surface states

Unlike Shockley surface states which appear eniegdist just inside the lower
band gap, Tamm states typically appear at highedlithg energies associated with the
atomic orbitals involved in bonding between atof@mm states arise from the broken

symmetry of the system at the surface, since tifaciatoms are not bonded on one side
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due to the crystal termination at the surface. Thbitals that are most strongly
influenced by this effect are those involved in el bonding between atoms in the
lattice. Tamm surface states are often describadyuke tight-binding model, which is
applicable for electrons that experience a strompgeential than the weak perturbative
potential of the NFE model. Unlike Shockley surfatates, Tamm surface states do not
typically exhibit free electron behavior parallelthe surfacé® In the case of Au(111), a
Tamm surface resonance is observed. The distinbigtween surface state and surface
resonances made because this state lies energeticallyen$id bulk band (not the band

gap). Paniaget al. demonstrated that the Tamm surface resonancesvetdsa Au(111)

are uniquely linked to the 22/3 reconstructioriZ This fact will be used in this thesis to

confirm spectroscopically the presence of the rettanted gold surface.

1.3.2.3 Image potential states

Another class of electronic states that are untqueurfaces, but quite different in
nature from both Shockley and Tamm Surface stat@sjmage potential states. Image
states, a class of strictly interfacial states, ehgrovided an experimentally and
theoretically accessible framework to address softhe pertinent issues of excitations
at interface$>** These states, predicted theoretically by Cole amihe@ and by
Echenique and Pendry, were first observed in aecttiffraction experiments and
inverse photoemission spectroscdpy® Since then, the advent of ultrafast laser
technology and the development of two-photon phutssion’’ have enabled detailed

high resolution investigations of image states it properties as a function of surface
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structure and terminatiofi-*°An image potential state (IPS) is formed by the presei
an excess electron above the substrate surfacestahckz This electron induces a
positive “image” charge in the substance, resulim@ Coulombic attraction between

electron and its image of equal magnitudezagiven by:

-ef 1
F(2) = — 1.11
4pe, (22)
with corresponding potential:
2
e
V(2) = B - 1.12
16pe,z

where Eyac IS the vacuum level, discussed in detail in sectio#, and g, is the
permittivity of free space. The solutions to then®dinger equation in this Coulombic
potential result in energies that are equivaletytdrogenic Rydberg states wheres the
principal quantum number amyis 13.6 eV.

Ry _o . 085ev

E =E_ - =
vac” 4 en? vac n2

n=123.. 1.13
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Vacuum

Conductor

Figure 1.9. lllustration of image force induced by electrontjositside of a conductive
surface. The electron response is equivalent tacdithn to a charge of opposite sign and
egual magnitude inside the surface.

conductor n=1 vacuum
ly?
A n=2
|y [?
P S— — e N
~—-\/—\_/\/\/ e ~—

Band Gap \

Coulomb Potential
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T T T —
0 10

Figure 1.10.Diagram illustrating electron probability densag a function of distance
from the surface af = 1 andn = 2 image potential states. The Coulomb poteftal) is
strongest close to the surface.
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Figure 1.10 shows the = 1 andn = 2 solutions to Equation 1.13, represented by
black lines at the base of each probability derdigyribution. The red line illustrates the
Coulomb potential as a function plusing Equation 1.12. The= 1 andn = 2 electron
probability density distributions are shown as action of distance from the surface.
The maximum electron density for the= 1 lies 2 A outside of the surface, and at 11 A
outside of the surface for= 2.

One limitation of Equation 1.13 is that it does aotount for the fact that metals
terminated with different surfaces.e (100) vs. (111)) have been observed to have
different image potential state binding energieshdhique and Pendry have explained
this binding energy disparity with a phase shiftdelp a semiclassical model based on
WKB theory>* In this model, surface states (including imageept&l and Shockley
states) are viewed as states trapped between bkherystal barrier, given by the surface
gap, and the surface barrier, presented by theumaqotential. The surface state wave
function is reflected at each boundary, with a phadsange of the electron wave function
at either end:F . from reflection at the crystal, anfd ; at the image potential barrier.
Bound states exist if after one round trip, thedithons for constructive interference are
fulfilled:

FB+FC=2m 1.14
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Figure 1.11.Diagram of the potential in the vicinity of a crgssurface within the phase-
shift model. Surface states arise through multigftection between the terminating
plane of the crystal and the surface barrier. Hgeon between vacuum and crystal has
constant potential and is infinitesimally smallte¥fSmith*!

The value of F . varies depending on the alignment of the bulk bgag with the

vacuum level. In Shockley inverted cases, the bamdlike at the bottom of the gap and

s-like at the top of the gap, arfél. varies from 0 at the bottom toat the tog™*** In
(111) faces, the vacuum level lies at the top efdhp and therefofe. is equal to .
When the vacuum level lies exactly in the middlehef gap (100 facesf . is /2. The

value of F . determines the quantum defect



44

F
a:%(l- —) 1.15

This in turn modifies the IPS binding energy to:

085eV 1.16

E =B —
(n+a)

n vac

Therefore at a (111) surface such as Au(11l),nthe 1 image state binding energy

should lie fairly close to -0.85 eV, sinfe. @v and henca = 0.***3

Au(111) is fairly uniqgue however in that the vaculewel does not liear the
upper edge of the band gap but rather well abogeufiper edge of the band gap. This
causes the image state to overlap energetically mit(111) bulk bands. The effect of
this is that the image potential state is more &ately called an imageesonanceand has
a very short lifetime, since the decay route tklgdld is easily energetically accessible
and overlap exists between the image state wawaifumand the bulk wave function.

This characteristic makes Au(111) an interestingfesy to study in the presence
of a surface adsorbate. In general image potestiébs are a useful state to follow as a
function of adsorbate coverage because they araisgtaly sensitive to the chemical
environment just outside of the substrate surfabe. majority of then = 1 image state
probability density resides outside of the surfat@pproximately the height that th& 1
ML occupies, as seen in Figure 1.10. Likewise,ithage resonance probability density
lies primarily outside of the surface plane, bus state is strongly energetically coupled

to the surface. Based on the vicinity of the etattdensity, there is high likelihood of
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image resonance interaction with the adsorbater.laj@s resonance is more strongly
coupled to the bulk than surface states in othstegys that lie inside the band gap. The
image resonance can therefore serve as a bridgedr®bulk gold and surface adsorbate
molecules, potentially facilitating interactionsathmay not occur in substrates with mid-

gap image potential states.

1.3.4 Fermi level

When characterizing the electronic structure ofstnalbes and substrate/organic
interfaces, a reference energy is necessary. ®umdectronic states, bulk substrate
electronic states, and molecular electronic statesall referenced to the Fermi level.
Image potential states are unique in that theyefezenced to the vacuum level; however
the vacuum level itself is referenced to the Felewel. The Fermi-Dirac distribution

(f(E)) is given by:

1 1.17

")

( kg T

f(E) =
1+exp

wherekg is the Boltzmann constani,is the temperature,is the chemical potential. The
Fermi level is the energy whefgE) = 0.5,i.e. when the probability of occupation of a

given energy level by an electron is equal to 50 %.



46

1.0 — 0K

] — 298 K
0.8- — 1000 K
-
0.6
S
0.4+
0.2
0.0 . T T
4 5 6
Energy (eV)

Figure 1.12.Fermi-Dirac functions at three different temperasu Fermi level is 5 eV in
all three cases shown.

The point at whicH(E) = 0.5 is independent of temperature, however tbpesbf the
Fermi distribution as it crosses that point is tenapure-dependent as seen in Figure 1.12.
Identification of the Fermi level is extremely inmtemt in solid state experiments because

all experimental values are referenced to thislleve

1.4. Surface Properties

With each study presented in this thesis, the safieselectronic structure was
characterized by identifying the presence and e energies of bulk and surface
states. Additionally, the surface properties vaculavel and work function were
measured to gain insight into the effects of irsteef dipole formation upon interface
formation. In the following sections | discuss #fere the theoretical underpinnings of
vacuum level and work function as well as some tpralcconsiderations regarding their

experimental characterization. | also discuss thpact of the interface dipole on the
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vacuum level and work function.

1.4.1 Vacuum level

Figure 1.13 illustrates the electron density deaag electrostatic potential at a
metal surface, computed within the jellium motéf Although the electron density
decays fairly quickly outside the surface, the ailesponsible for a potential step on the
vacuum side of the surface bound#tyThe positive atomic cores at the surface layer
inside the crystal are slightly electron poor, iegdo a net positive charge, whereas the
electronic wave function spilling out into vacuunmoyides a negative charge-density
outside the crystal. This charge imbalance at thitase creates a surface dipole layer
(positive inside the surface, negative outsidedindace). The magnitude of the dipole

layer gives rise to a surface potential step, afohds the vacuum level.
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Figure 1.13. lllustration of electron density and electrostgbatential near a surface,
based on the jellium mod&:*°z= 0 is taken as the location of the terminatingleiuc

Different materials have different vacuum levelamie surface due to variations
in the surface dipole layer. Even the same crystatinated at different facese( (111)
vs (100)), has different amounts of electron densityside the surface, leading to
different potential steps at the surface. Figurg4 lillustrates this for two different

surfaces of a metal.
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(a) VL(s)

(b)

@D G2

Figure 1.14.a) Potential for an electron inside and outsida afietal crystal. &£ Fermi
level, VL(s): Vacuum level at the surface, \WJ: Vacuum level at infinite distance. b)
Electron density in the metal, with tailing at tharface to form a surface dipole layer.
Note that the degree of tailing depends on theasarfFrom Ishiet al*°

1.4.1.1 Local vs. global vacuum level

One pertinent question that arises when considghiegvacuum levehear the
surface is “how near to the surface is near?” Ingtgee binding energies are referenced
to the vacuum level, the vacuum level howevernangjly influenced by the make-up of
the surface. Surfaces are not uniform; they armiatly rough and contain defects and
steps which lead to non-uniform electrostatic ptoéés at the surface. The picture is
further complicated in the presence of an adsorlagter which causes additional non-
uniformity. In order to draw a distinction betwegmniform electrostatic potential which

develops further away from the surface (but stillcm closer to the surface than the
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vacuum level at¥ ) and the non-uniform electrostatic potential vesar the surface
termination, the terms “global vacuum level” anabcél vacuum level” have been
developed.

In this thesis, when no distinction is drawn betwdbhe two vacuum levels,
reference is made to “global vacuum level”. In dieaj3, it will be shown that this global
vacuum levelj.e. a laterally uniform surface potential, developghe range of 10 -100
A above the surface plain.

The local vacuum level, in the sub-10 A range ia zhdirection, is generally
more difficult to observe, especially because nibesm one local vacuum level typically
exists when spanningandy at a giverz. There are cases in this thesis where there was
experimental access to the local vacuum level, eladtrostatic modeling was done to
support experimental findings. Image potential estadire good indicators of the local
vacuum level because the maximum of their elecpanbability density typically lies
within 10 A of the surface and their binding enetgycks the vacuum level. The vacuum
level felt by an image potential state within 100fthe surface termination would be

considered a local vacuum level.

1.4.2 Work function

The work function is the minimum amount of energguired to liberate a bound
electron in a solid to a free electron wave withemergy at the vacuum level. For a
metal, this energy corresponds to the differendevéen the vacuum level at the surface

and the Fermi level. Since the Fermi level is uased fixed reference point, the work



51

function is a direct indicator of the vacuum leagla surface and therefore of the extent
to which a given surface forms a surface dipoleelayince it is directly tied to the
vacuum level, the work function like the vacuumdeis a surface specific property,

which will vary with surface termination and suréaglectron density.

1.4.3 Interface dipole

When an interface dipole is present, the free sartiipole layer is altered. Upon
adding an adsorbate to the free surface, thermany ways in which an interface dipole
can form, altering the potential step at the s@fand thus both vacuum level and work
function. In this section, some of the common oisgdf an interface dipole are discussed.
Typically, estimates of total interface dipole an@de by summing the following three
different contributions: Pauli repulsion, chargaliséribution, and intrinsic molecular

dipole?®

1.4.3.1 Pauli repulsion

Pauli repulsion is responsible for explaining strdnterface dipole formation
seen upon adsorption of unreactive saturated hgdvoos on noble metal surfaces, as
long as chemical effects are minim&f’ It is expected in general that whemy
molecule is adsorbed on a metal, the work funcstiould decrease due to Pauli
repulsion effects. An increase is only seen if btheerface dipole effects dominate Pauli
repulsion. Interface dipole formation due to Pardpulsion is a purely quantum
mechanical effect that arises due to exchange ameklation. This effect has been

modeled taking into account van der Waals forceth wbo chemical interactions. The
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tailing substrate electron density into vacuum tisatesponsible for the surface dipole
layer compresses in the presence of an adsorbatdrds density outside of the surface
is pushed toward the metal, thus reducing the serdi#pole layer and therefore lowering

the metal work functior®

1.4.3.2 Charge redistribution (induced densityndérface states)

Charge redistribution occurs at an interface whieentcal interaction between
the metal and molecule give rise to at least gastiarge-transfer.The induced density
of interface states (IDIS) modglpredicts the shifting and broadening of molecular
energy levels upon interaction with a metal sulbstray partial hybridization and in
accordance with the Anderson model of chemisorpfiofhis leads to an increased
density of states (DOS) inside the surface band Gaptral to the IDIS model is the
concept of the charge neutrality level (CNL), whagrves as an effective Fermi level for
the molecular adsorbate at the interface. If thee ©Nthe molecular adsorbate is below
the metal Fermi level, electron transfer will ocduoom the metal to the molecular
adsorbate, with an accompanying increase in vadeuat/work function. Conversely, if
the CNL of the molecular adsorbate is above thenFkzvel, then electron transfer will

occur from the adsorbate layer to the metal, thugting the work functiof®

1.4.3.3 Intrinsic molecular dipole

The orientation of a permanent molecular dipolgt@surface can influence the

direction and magnitude of the potential step & ifiterface. In order to detect an
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interface dipole caused by an intrinsic molecuipok, it is important that the molecules
are all oriented in a similar manner on the surfamethat their dipole effects do not
cancel. The magnitude of the interface dipole faldee to an intrinsic molecular dipole
is proportional to both the magnitude of the molacdipole perpendicular to the surface
and to the density of molecules on the surface. Tidpping Model, presented in Chapter
3, provides a theoretical underpinning for quaintifythe magnitude of the vacuum level

shift as a function of dipole moment per molecuid enolecular density.

1.5 Molecular Adsorbate Electronic Structure at thterface

As discussed in the previous section, the vacuwmal lend work function of a
substrate can be altered in the presence of amdsalue to interface dipole formation.
The addition of an adsorbate to a substrate not iofluences the substrate electronic
structure, the presence of the interface can asa [to variation in the adsorbate
electronic structure. In some cases, it has besareed that changes in the vacuum level
due to the presence of an interface dipole areoneidr by equivalent changes of the
molecular electronic levels such as the highestigied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUM®)There are however many exceptions
to this, and it is important to understand andmuatiely predict these in order to better
tailor energy level alignment at interfaces. Wititle study presented in this thesis, the
adsorbate molecular electronic structure was cheniaed along with the vacuum level
to gain insight into the effects of interface dipébrmation. In the following sections, the

key features of the adsorbate electronic struchweasured in this thesis are described.
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1.5.1 HOMO and ionization energy

Experimentally, the energy of the HOMO is reporteith respect to the metal
Fermi level, and this energy is called the HOMOdoug energy. The work function is
then added to this value in order to determineitinézation energy. This represents a
photoinduced transition from a neutral vibronicwgrd state to an ionic final state plus a
free electron wave.

The nature of the final state makes the molecuwaization energy strongly
dependent on the molecular environment. This igctly evident in the difference
between a molecule’s solid phase and gas phasaatan energies, often in the range of
1.1 — 1.7 e\?° A molecular cation in the solid phase, in closexpmity to several other
polarizable molecules, is stabilized by the elestatic response of the surrounding
molecules upon loss of an electron, thus reduchmeg ibnization energy. The more
polarizable the medium surrounding the ionized ks, the stronger this stabilization
effect. Because of image charge effects and higllwctivity, metal substrates are more
polarizable than organic molecules; therefore #tabilization of the molecular cation
occurs even for very thin molecular surface coveragere no polarization effects from
molecular nearest neighbors exist. As coverageeasds, the molecular cation is
stabilized by both the metal surface and its néaresecular neighbors, shifting the
ionization energy further away from that of the gasse. With molecular coverage on a
metal surface past 1 ML, the ionization energy rslaft back slightly towards the gas
phase value. This is attributed to the loss ofiktation from eliminating contact with

the polarizable metal substratee. a decay of the image potential stabilization
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contribution. In thicker films, molecules in therface layer interface vacuum and
experience higher ionization energies than molecufe a bulk layer, because the
photoinduced cation is less screened by fewer beigi’>*The ionization energy and

the so-called HOMO peak is a photoelectron spectms measurement representing in
reality a transition between a molecular groundestand a partially screened ionic final

State.

1.5.2 Excitons

Excitons arise from optical excitation of an adsdebmolecule in which an
electron is promoted to a higher energy level ie tholecule. Like occupied energy
levels (such as the HOMO), excitons may also beientced by interface formation. In
the conventional one electron picture, these qaatsites correspond to promotion of an
electron to an unoccupied molecular orbital suck.gsthe LUMO, LUMO+1,etc The
electron thus promoted to a previously unoccupieergy level leaves a hole in the
HOMO, to which it is bound by Coulombic attractidrne associated energy is called the

exciton binding energy and is given tbdrder by

eZ

E.=— 1.18
4pe,eR,

whereR, is the exciton radius (electron — hole distancé,the dielectric constant, aed
is the charge of an electron. Excitons are diffeaded by their size: i) Frenkel excitons
are largely localized to a single molecule and odonumaterials with small dielectric

constants; their binding energy ranges betweentdbtwand 1 e\’ i) Wannier excitons
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are dielectrically screened resulting in less Coll attraction between electron and
hole and thus a larger radius. Their binding enasgynuch smaller than that of the
Frenkel exciton, typically on the order of 0.01 B\Excitons in organic semiconductors

are usually of the Frenkel type.

1.5.3 Molecular anions

Molecular anions are formed as a result of electransfer into an unoccupied
energy level of a molecule. The energy change wguldlition of an electron to a neutral
molecule is known as the electron affinity. Althbughe electron affinity is often
associated with ground state anion formation, edectransfer can occur from the
underlying substrate to several different moleculaoccupied states, referred to as
electron affinity levels. Such affinity levels cespond to excited states of the molecular

anion.

1.6 Thesis Organization

The understanding of the alignment of energy leaglthe (semi) metal/organic
molecule interface is critical for device designdaperformance. In this thesis, the
substrate properties, interface properties, andecotdr properties discussed in this
chapter are carefully investigated upon interfacenfition, for two model systems.

In this chapter, a general motivation for studyirtige physics at an
electrode/organic interfaces was discussed. Additip, background was given on the
general morphology and electronic structure of sbstrates studied in this thesis.

Surface properties that will be examined in theoupiag chapters were introduced.
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In Chapter 2, the experimental techniques usetlisnidody of work, ultraviolet
photoelectron spectroscopy (UPS) and two-photorigamoission spectroscopy (TPPE),
will be explained. The ultrahigh vacuum chambemhsstate surface preparation, and
molecular adsorbate depositions will be discusseaedl.

In Chapter 3, a study of the interface dipole faroraand ionization energy of
vanadyl naphthalocyanine (VONCc) on highly ordergdofytic graphite (HOPG) will be
presented. Observations of energy level shifts ametion of molecular density on the
substrate surface will be quantified in the contekthe Topping and Muscat-Newns
models.

In Chapter 4, VONc on HOPG is studied in the contéxexciton formation at the
interface. An exciton involving the occupation dfet LUMO is characterized as a
function of VONc density on the HOPG surface.

In Chapter 5, the image potential state of HOP&xmmined on bare HOPG and
changes to this state are examined upon adsomptio®Nc. The results are interpreted
in terms of the dielectric continuum model and lo@cuum level.

In Chapter 6, the HOPG image potential state dsspermproperties are measured
on a bare substrate and as a function of VONc seirtaverage. Electron transfer from
the image potential state of HOPG to a VONc unommimolecular orbital is detected,
and implications for interfacial charge-transfez drscussed.

In Chapter 7, a combined experimental/theoretitadlysis presented for VONCc
deposited on Au(111). Data is presented for subtvmultilayer VONc coverage. The

interface dipole is quantified, and the Au(111l)face state binding energy and VONc
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ionization energy are probed as a function of mdeadensity on the gold surface.

In Chapter 8, TPPE and AR-TPPE studies of the VANE11) interface are
presented. Dispersion properties of the Au(11lljaserstate and image resonance as a
function of VONc coverage are presented. The imag®nance binding energy and
surface state binding energy are also explored afination of film thickness.
Photoelectron intensity behavior as a function wfitation energy is analyzed and
guantum interference effects are discussed.

In Chapter 9, a summary of this body of researctprissented and future

directions for this research are discussed.
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CHAPTER 2

EXPERIMENTAL TECHNIQUES

2.1 Overview

The study of interfacial states at organic thimfihetal interfaces requires careful
surface preparation and specialized equipment.uskeof ultrahigh vacuum is necessary
to avoid outside contaminants from influencing Hystem of interest, and to perform
sensitive electronic structure measurements. Rsrrédason, all sample preparation and
photoelectron spectroscopy is done under ultrakgtuum conditions, using the same
sample preparation and electron detection apprdachtwo-photon photoemission
(TPPE) and ultraviolet photoelectron spectroscdpl}) experiments. This chapter is
organized as follows: First a description of theakligh vacuum chamber and detection
electronics will be given. Second, sample prepamatvill be described in terms of the
preparation of a clean substrate surface and vaemosition of a thin organic
semiconductor film. Third, the instrumental techugg used most heavily in this thesis,
UPS and TPPE, will be discussed. This will incladeéescription of the laser system and
optics employed for the TPPE experimental appayatsiavell as an explanation of the
data obtainable using the TPPE technique in botmalbemission and angle-resolved

configurations.

2.2 Ultrahigh Vacuum

All experiments presented in this work were perfednin an ultrahigh vacuum

chamber. Ultrahigh vacuum is necessary to mainpastine surface conditions and to
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maximize electron mean free path for photoelectspectroscopy. In atmosphere,
ambient gas molecules constantly bombard the surfélee flux,F, or the number of
incident molecules per unit time per unit area iredaly proportional to the ambient

pressurep, as seen in Equation 2.1

F=_ P 2.1

V20kTm

wherek is the Boltzmann constar,is temperature, and is the molecular mass.

Some of these incident molecules will bounce off athers will adhere to the surface;
this ratio, the sticking coefficient, has a valuetviieen 0 and 1, depending on the
reactivity of the surface, temperature, and surfameerage. A sticking coefficient of 1

accelerates the contamination process by backgrgasd Regardless of the sticking
coefficient, the greater the gas flux, the fastartaminant molecules will build up on the
surface. Therefore, in order to reduce surfacearnimation, the molecular flux must be
decreased by reducing the pressure. Assuming langficoefficient of 1, and a packing

density of 1 ML as 18 molecules/my the time elapsed in seconds before 1 ML

contaminant coverage is built up is given by Ecprafi.2:

_ 10" molecules 292
F m?

At room temperature and a pressure of T0rr, it takes on the order of 1 s for 1 ML of
contaminants to adhere to the surface, assumirigking coefficient of 1°° Reducing
the pressure to 10Torr increases this time to 1000 s. In realitg #ticking coefficient

may be less than one and therefore this is a mmitine estimate for ML growth;
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nonetheless, there is clearly a need for ultraloes§ure conditions when attempting to
study well-defined surfaces.

Additionally, vacuum conditions are necessary foetedtion of surface
photoelectrons without change of kinetic energy #&ss of collection efficiency by
collision with ambient gas molecules. For thisagé mean free path is desired, ideally
larger than the dimensions of the analysis chambeEquation 2.3, using a simple hard
sphere collision model,is the mean free path ands the collision cross-section

f=_ KT
1.414Ps

2.3

It can clearly be seen that the mean free patleasas as pressure is lowered. At room
temperature and in ultrahigh vacuum, the mean gegh is on the order of several km,
ample for detecting electrons with paths unaltebsd collisions with ambient gas
molecules.

Finally, ultrahigh vacuum conditions are importémt operation of the channel
electron multiplier (CEM), the electron-detectoedsn UPS and TPPE experiments. A
large voltage differential is applied across thesedtor, allowing it to create an electron
cascade as electrons are accelerated from thedpaming to the collection electrode at
the back. If the chamber pressure is too high,G&B& will generate electron emission
events on impact with ambient molecules, resulim¢arge background and ultimately
signal overload. This causes either destructionaoshortened operating lifetime.

However, both the CEM and the mean free path cimmditcan be met quite sufficiently

in high vacuum conditions. It is truly the requiremh for surface cleanliness which is the
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impetus for UHV conditions’

The ultrahigh vacuum chamber used for the worthis thesis consists of three
adjoining chambers separable by gate valves. The amamber is a VG Escalab MKII
analysis chamber made from stainless stemletal, and equipped with a hemispherical
analyzer. This chamber is outfitted with severastom additions including a 2505
turbo-molecular pump and cold cathode pressure eggaag ion pump, a Titanium
sublimator, an Argon ion sputter gun, an Omniaxatadtle sample holder and transfer
arm with sample heating capability, and a He larapnected by bellows to separate
primary turbo-molecular and secondary rotary vanengs. A Marathon MM series
pyrometer is mounted outside of the chamber ancdimith a laser guide through a
ZnSe view port at the sample surface for accuetgerature measurements. A diagram

of the sample analysis chamber with hemisphericalyaer is shown in Figure 2.1.
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Ar sputter gun /|
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gate valve |
%_4 manipulator
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Figure 2.1.VG sample analysis chamber. From left to rightegalve, Af sputter gun,
hemispherical analyzer, He lamp, Omniax sample drifdinsfer arm with sample, and
ion pump are shown.

The main components of the hemispherical analymena Einzel lens assembly,
inner and outer hemispheres, a Herzog plane, addaanel electron multiplier. The

Einzel lens assembly is used to increase the nupoflEmitted electrons that are detected

from the sample without altering their kinetic emyerThe lens with 3:1 magnification
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uses differential voltages along 5 segments togbthre electrons to a focus at the
entrance slit to the analyzer, where they are edbeelerated or retarded by the Herzog
plane depending on how their kinetic energy conganethe operator chosen constant
analyzer energy (CAE). The size of the entrandasstontrolled by a physical aperture.
The aperture settings (order of decreasing size:B®4 and B3) are the commonly used
settings for data collection in this thesis. On@stpthe aperture, electrons enter the
hemispherical analyzer, which has a 100 mm radigsspans an arc of 15Electrons
are kinetic energy-resolved along their path thiotige inner and outer hemispheres.
Due to the differential voltage between the two tspimeres, only electrons of a certain
kinetic energy may pass, while slower and fastectadns collide with the hemisphere
walls. Electrons transmitted successfully by thenispheres must still pass a final exit
slit prior to striking the CEM detector. An Amptdk1 preamplifier assembly is located
in close proximity to the CEM, just outside of thacuum chamber for impedance
matching and rf-signal protection reasons. Its fiemcis to discriminate electrons and
amplify the signal without adding significant naigeor details of the hardware set-up
between the VG 362 spectrometer controller digitedrface and the computer equipped
with LabView data acquisition software programs &gnal collection, see Michael

Blumenfeld’s thesig®
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Figure 2.2.VG MK(Il) Electron Spectrometer. Light path purpidectron path retf

2.3 Sample Preparation

Samples were introduced into vacuum via a custoib-lmad lock chamber,
equipped with a sample transfer arm, a turbo médequump and a rotary vane pump.
Upon initial introduction to vacuum, the load lockamber was pumped down to 1710
mbar and baked overnight at about £G0by wrapping this section of the chamber in
Amptek heater tape, running a current of 2 A, fekd by a layer of aluminum foil.

Upon cool-down, the sample could be transferre¢?aouum to the storage chamber,
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deposition chamber, or analysis chamber with bessspres of < 2-1mbar.

2.3.1 Substrate preparation

Upon introduction of a substrate into the vacuurmancber, it is unavoidable that it
will have contaminants on the surface from priop@sure to ambient pressure. As
discussed in section 2.2, it is important to remibsse contaminants. The two substrates,
HOPG and Au(111), used in this thesis were alwésasned and characterized in vacuum
prior to any adsorbate vapor deposition.

After introduction into the sample analysis chamleach sample was heated
overnight using a home-built stainless steel hgaginck. This puck contains a coiled
0.05 mm Ta wire surrounded by insulating ceramige Ta wire is spot-welded to a
stainless steel rod, (also insulated by cerama) ilns down the center of the puck and
protrudes at the base. Using a home-built curremiply equipped with an Omega
temperature controller and connected to a vacuectralal feed through, an AC current
is sent through a stainless steel leaf spring imawmi with the stainless steel rod inside the
heater puck. At the top of the puck, a 0.2 mm gitaghyer is clamped into direct contact
with the Ta coil using spot-welded Ta clips. Cutremns through the graphite layer,
thereby heating it up due to its relatively higlsiseance when compared to the other
materials in the assembly (Ta and steel). Themeturrent runs from the graphite to the
outside of the heater puck and finally to a codgeck on which the puck resides. The
electrical loop is completed via a wire lead whiglattached to the copper sample holder

block. This heater puck assembly offers the adggnthat the sample can be moved
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from chamber to chamber without breaking vacuunad, @m active connections must be
made for heating. This heater can reach tempegini@xcess of 60%C. Fig 2.3 shows a

diagram of heater puck and holder.

graphite

Cu block

| SSrod

leaf spring

Figure 2.3.Home-built VG style sample heater puck in copgeck sample holder. The
copper block and leaf spring are electrically issdafrom each other without puck
present. The puck itself provides the electricahgzetween the two components, each
connected to a heater box with wire leads showngtm side.

The sample preparation procedure was slightlyckfit for each of the substrates
used. SPI-1 grade Highly Ordered Pyrolytic GrapfHOPG) was purchased from SPI

Supplies in a 10 mm 10 mm~ ~ 1 mm square. The topmost graphene sheets were

removed with scotch tape immediately before intoidg the sample into the vacuum
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chamber. After transition from the load-lock to thealysis chamber, the sample was
heated to 450C overnight. No AT sputter cycles were necessary for the HOPG surface
preparation, in agreement with literature repdtts.

Au(111) was purchased from Princeton Scientific,999% purity, in a 10 mm
diameter disk, 1 mm thick, with an orientation aemy <1% and surface roughness
<0.03 m. Upon introduction to the sample analysis chamiber Au(111) substrate was
annealed overnight at 55Q, followed by several Arsputter/anneal cycles until narrow
Tamm and Shockley surface states were clearlylgisibd the work function was greater
than 5.5 eV, both determined using UPS, and shovfigure 2.4. The Arsputter cycles
lasted 30 minutes each, using a VG AG-6 sputter gjush ultrahigh purity argon gas
pressure of 1.5-10mbar, 1.2 kV energy, and a sputter current of @xiprately 25 A at
the sample. Each sputter cycle was followed by @ loour anneal cycle at 55C in
order to remove any pits formed by sputtefihghe number of sputter/anneal cycles
varied depending on how recently the substrateasarfvas cleaned in this way (fewer
cycles required if recently cleaned), and if thésdtate was recently introduced into

vacuum (more cycles required).
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Figure 2.4. UPS spectrum of clean Au(111). Cleanliness indrsatoclude high work
function (¢ 55eV), presence of Tamm surface states and narrowk&yosurface state.

2.3.2 Vapor deposition of molecular films

All vapor deposition was done in a custom-built peendeposition chamber with
base pressure of 2:1mbar. The deposition chamber is equipped withsidval gas
analyzer (RGA) so that chamber vapor contents eamonitored at any point in time.
Additionally, this chamber is equipped with a homek Knudsen cell composed of a

boron nitride crucible wrapped in tantalum wire amdhermocouple tucked into the
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bottom of the crucible. To heat the Knudsen cellekectric current flows through the Ta
wire until the temperature feedback via the theroogpde reaches the desired temperature
set point. Prior to sample deposition, VONc (Sig#larich) was loaded into the
Knudsen cell and slowly heated to 18D. At the same time, the sample deposition
chamber was baked overnight using the same metéscrided for baking of the load-
lock chamber. After baking the chamber, VONc in tkeudsen cell was slowly
outgassed by increasing the Knudsen cell temperatr460°C over the course of
several hours and then returned to a temperatur200f°C and maintained at this
temperature when not in use. The molecular vapposigon rate was monitored by a
retractable water chilled quartz crystal microbaaQCM) maintained at 2%C. The
VONC film density was determined from STM measuretsé and programmed in the
QCM controller along with a tooling factor of 1. &hooling factor accounts for
differences in sample position and QCM positionwéeer in this set-up, the QCM is
retracted during deposition and the sample is brougo the same location where the
QCM rate was obtained. Based on the programmecksand the oscillation rate of the
crystal, the QCM accurately monitors depositedagifie film thickness in A, and a timer
is used to establish the desired rate in A/s. Tmsié VONc molecules, the Knudsen cell
temperature was brought up to approximately 260until the deposition rate was
constant for approximately 15 minutes and betweeto 2 A per minute. Once a
deposition rate was established in this way, tmepsa was introduced to the deposition

chamber and deposition of the desired amount coroeteimmediately.
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2.4 Instrumentation for Sample Characterization

The following instrumental techniques were usedxamine the surface preparation

and electronic structure of the metal substratdslan organic films.

2.4.1 Ultraviolet photoelectron spectroscopy

Ultraviolet photoelectron spectroscopy (UPS) utizhe photoelectric effect and
the conservation of energy in order to gain an tstdading of valence band structure. A
non-monochromatized SPECS UVS 10/35 He dischangg Is used to emit He |
21.218 eV photons (a weak He satellite exists at 23.085 eV) or He #0.814 eV
photons. These photons provide sufficient energyotoze the valence bands of the
surface under study. The emitted electrons are ¢mengy-filtered by the hemispherical
energy analyzer, scanned over the range of enesfjiaterest. As seen in Figure 2.5, the
sum of binding energy (BE), work function (WF), didetic energy (KE) is equal to the
excitation energyyz7. The binding energy is most commonly referencedht Fermi
level, which is found by determining the inflectipoint of the high energy cut-off of a
UPS spectrum by fitting it to the Fermi functioe¢sChapter 1). An example including a
linearly increasing density of states (DOS) is shawFigure 2.6. The Fermi levety) is
customarily set to zero resulting in the BE of talmserved features in the UPS spectrum
close to 0.6 eV and 0.8 eV with respecEto The relative intensities across all energies
give some insight to the density of states in thience band region.

A second important surface property determined ftdiag is the work function.

This value is obtained by subtracting the speetidth from the excitation energy. Once
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the work function is known, the value can be adttethe Fermi level (set at zero) to

determine the energy of the vacuum level.
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Figure 2.5. Diagram of the UPS process from Cahen and Rahith metal substrate in
equilibrium with electron detector. An ultraviolphoton is used to remove an electron
from a metal substrate in a) and a molecular adserim b). : Magnitude of vacuum
level shift with addition of adsorbat&,,{d): vacuum level of the detector,KS):
vacuum level of the metal substratg;, work function of the detector,,: work function

of the metal substrate. Primary electron excitedmfrFermi level with Kkinetic

energyES™, secondary electron with kinetic energy™ .



73

Intensity (Kcps)

-1.0 -0|.5 0.0
Energy E - E_ (eV)

Figure 2.6.High kinetic energy side of a UPS spectrum of V@NXcAu(111), referenced
to the Fermi edge determined by fitting Fermi fumctto the UPS spectrum. Circles are
raw data and red solid line is a fit using a Fefamction convolved with a linear
background. Dashed lines indicate presence ofriestat 0.6 and 0.8 eV binding energy
and Fermi edge at 0 eV.

2.4.2 Two-photon photoemission

Two-photon photoemission (TPPE) is a unique form mifiotoelectron
spectroscopy since both occupied and unoccupiezlslean be probed simultaneously.
This technique is often used to measure energylslemean emission configuration

perpendicular to the sample surface plane. It tsmlze extended to give time- or angle-
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resolved information. In this dissertation, anglsalved measurements and
measurements in normal emission geometry will besgmted. The TPPE technique
requires an ultra-fast laser excitation source \pitfse energy sufficient to drive a non-

linear second order process. The next section itbescthe excitation set-up in detalil.

2.4.2.1 Laser excitation source

The excitation light source for TPPE is the frequetripled output of a mode-
locked Spectra Physics Tsunami Titanium Sapphicéla®r. The Ti:Sapph oscillator is
pumped by a 15 W Spectra Physics Millenia Nd:YM@ser. The Ti:Sapph oscillator
outputs an 80 MHz pulse train, tunable from 70000QL nm, with maximum power
output at 800 nm, and average unoptimized pulsatidur of 120 fs. The pulse duration
of the Ti:Sapph output is measured using a MiniOptelta single-shot autocorrelator.
The output wavelength range corresponds to phatengees between 1.25 and 1.75 eV,
insufficient to photoionize substrates with worknétions of 4.5 — 55 eV. In a
monochromatic TPPE experiment as used throughasitthiesis, the photon excitation
energy typically lies in the range of 0.5<h < , where is the work function. If this
condition is met, all electrons detected are gdadraia a two-photon photoemission
process. In order to produce photons with enerigiethe desired range, a MiniOptic
Time-Plate Tripler is used to frequency-triple thetput of the Ti:Sapph oscillator,
resulting in photon energies in the range of 3ad%.25 eV. The BBO crystal used for
tripling has a maximum tripling efficiency at th@@nm oscillator fundamental, while

the tripling efficiency drops dramatically at thégi and low ends of the available



75

Ti:Sapph spectrum. The output of the MiniOptic Teipn the photon energy range from
3.9 to 5.2 eV provides sufficient power for expegittal use (> 15 mW). The s-polarized
frequency tripled output is rotated to p-polariaativia a periscope before passing
through a pair of fused silica Brewster angle cusmps used for group velocity

dispersion (GVD) compensation. This prism pairgedito shorten the pulse duration and
remove the effects of pulse dispersion from twosém) a time-plate, and two BBO

crystals in the MiniOptic tripler as well as a lesmsd viewport further down the optical

path. UV-coated Al mirrors are used to steer thisgtrain through a focusing lens and
guartz fused silica viewport into the vacuum analghamber, incident on the sample in
p-polarization and at an angle of 53° with respe¢he surface normal. Figure 2.7 shows

a diagram of the optical table arrangement.
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Figure 2.7.Laser optical path diagram for TPPE.
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2.4.2.2 Two-photon photoemission measurements

The two-photon photoemission technique utilizesphetoelectric effect to probe
electrons from botlccupiedandunoccupiedstates. An occupied state is a state below
the Fermi level of a solid, hence itascupiedby electrons. A common example of an
occupied state in a molecule is the highest occumelecular orbital (HOMO). In a
metal, occupied states exists up to the Fermi léwebccupiedstates on the other hand
reside above the Fermi level, where they are ehealjg not accessible by the ground
state electron configuration. A common example afi@ecular unoccupied level is the
lowest unoccupied molecular orbital (LUMO). In ttese of a metal, an unoccupied state
is any state energetically above the Fermi levettdi$ can contain both discrete and
continua of unoccupied states above the Fermi edge.

There are several possible excitation pathwayssadde when using TPPE,
including coherent, resonant, and indirect exatatiThere also exist different excitation
routes within each of these possibilities. The naargict pathway that probes in particular
occupied levels in TPPE is a coherent two-photarcess: Two photons promote an
electron from an occupied level to a free electstate via a virtual intermediate state.
The outcome of a coherent TPPE pathway is muchthiké of UPS, in that occupied
states are detected in the spectra; however, ulliRE, this is a non-linear process.
Figure 2.8 illustrates a direct coherent pathwayvinch 2.8a) an electron is liberated
from a metal substrate and in 2.8b) the cohereaitagion originates from an occupied

molecular state. Occupied states can be identifiedPPE spectra by identifying their
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change of kinetic energy with change in photon gyer the kinetic energy of peaks

arising from occupied states shift byh .
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Figure 2.8. lllustration of coherent TPPE from an occupiedteslja)> via a virtual

intermediate statq’el}. a) Electron originates from metal. b) Electraigioates from
molecular adsorbate state.

Unlike a coherent excitation, both resonant andréotl excitation pathways can
give rise to peaks arising from unoccupied statea TPPE spectrum. The unoccupied
state peaks in the TPPE spectra which arise fr@onent and indirect pathways have
kinetic energies that shift withhv when the photon energy is changed. In the resonant

pathway, one photon promotes an electron from @umed state to a real unoccupied
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state, and a second photon liberates the electmon the unoccupied level to a free
electron state. The resonant pathway can take phlatten the substrate, between
substrate and molecular adsorbate, or within a cat#e(creating an exciton intermediate
state). Figure 2.9 illustrates a possible scenfmioeach of these routes. In 2.9a), the
initial state is a metal bulk electronic state whis energetically resonant with an
intermediate metal image potential state and tha State is a free electron state. In part
b), an electron from a metal surface state is ptethto a resonant molecular unoccupied
state before ultimately being liberated to formr@efelectron. In part c), a molecular
occupied state is resonant in energy with a madecuhoccupied state, leading to a

molecular exciton intermediate state, and ultinyagelree electron.
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Figure 2.9. Three examples of resonant excitation pathway8uy) metal initial state,
metal image potential intermediate state, freetedacfinal state; b) Metal surface state
initial state, molecular intermediate state, fréecteon final state; ¢) Molecular initial
state to molecular intermediate state, free eladiral state.
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Like resonant pathways, indirect pathways lead lextenic insight of the
structure in the unoccupied state manifolds. Howewalirect pathways are different
from resonant pathways: After the first photon potes an electron to an unoccupied
level, the electron transfers to a different ungoed level prior to photoemission to a
free electron state by a second photon. The indpathway allows for even more
combinations than the resonant pathway, becauseuples three states (and a free
electron final state) rather than two (and a frieeteon final state). This pathway can
involve transitions among substrate states onlypragmmolecular states only, or any
combination of transitions between substrate andecnte. Several of the possible
indirect two-photon photoemission pathways are show Figure 2.10 below. The
pathways shown in figure 2.10d) and e) are fundaatigrdifferent from those in a) — c¢):
In figure 2.10d), upon absorption of the first pimgtthe electron is highly excited (hot
electron) into a virtual state and scatters intouanccupied molecular state (or metal
state, not shown) before promotion to a free ebecttate by a second photon. In figure
2.10e), the electron is coherently promoted tordarmediate state above the vacuum
level, before indirect transfer to a free electatate. The peak from this state will not
change with hvin the TPPE spectra and has thus a different phd¢pendence than all
of the other excitation routes shown in figures 2.8.10. Electrons arriving to the
detector via this route will always have a kingiergy that is the difference between the
energy of the intermediate state above vacuum,lewel vacuum level itself. Such states

are called final state resonances.
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Figure 2.10. lllustration of several possible indirect TPPE hpedys. In a) — ¢),
absorption of the first photon promotes electrana treal unoccupied level, in which it
scatters into a new unoccupied level before absorptf a second photon and promotion
to a free electron final state. In d), absorptibthe first photon results in “hot” electron,
which upon loss of energy occupies a real staterbdfecoming a free electron. In e), the
electron is coherently excited to an unoccupiedestédbove vacuum level (final state
resonance), and the electron scatters into a femtren state with no additional photon

interaction>'?
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In the familiar one electron picture and to firppeoximation, an electron can be
promoted to the LUMO of the molecular adsorbate saseral of the pathways shown
(Fig 2.9b) and c), Fig 2.10a)-d)). The differenceshergy between the vacuum level and
the energy of a level where an electron was tramesfeto the LUMO is called the
electron affinity. The electron affinity is thuslgnmeasureable via such pathways where
the electron does not originate from the molecaldsorbate. Otherwise, a molecular
excited state is formed (Fig 2.9¢) and 2.10c))hwait associated exciton binding energy.

The nature of the final state makes the moleculact®n affinity strongly
dependent on the molecular environment much in dhe way as the molecular
ionization energy. This is directly evident in tH#ference between a molecule’s solid
phase and gas phase electron affinity, often inrimge of 1.1 — 1.7 eV, of similar
magnitude as the difference between a moleculdid pbase and gas phase ionization
energies® Analogous to the final state phenomena observéd imhization energy, a
molecular anion in the solid phase, in close prayinto several other polarizable
molecules, is stabilized by the electrostatic respoof the surrounding molecules upon
gain of an electron, thus increasing the electrimity. The more polarizable the
medium surrounding the ionized molecule, the steortigis stabilization effect®™>?

Optical gap energies may be determined from exdoming photoionization
pathways and transport energies can be found frimnaforming pathway2® Two
spectral differences between states formed by axqiathways and those formed by
anion pathways are that i) electrons originatingnfr excitons increase in spectral

intensity (DOS) with coverage whereas anion resoesndecay in intensity with
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coverage past the first monolayer, as soon as tkene surface/adsorbate interaction
anymore; and ii) when exciting with different waaegjths, the exciton is enhanced near
the resonant wavelength and weaker at off resomavelengths, whereas an anion

resonance created by indirect scattering is fandgnsitive to excitation wavelength.

24.2.2.1 AR-TPPE

In addition to obtaining the energy of occupied ambccupied levels with
respect to the substrate band structure, the TEhigue can be extended to angle-
resolved measurements. Angle-resolved TPPE (AR-JPPBEuseful because some
electronic states have a strongly dispersive wawetion due to electron delocalization.
In order to measure this dispersion, a 5 mm apevias added to the analyzer in front of
the Einzel lens assembly. The addition of this tperrestricts the analyzer acceptance
angle to = 1.5 ° from its original + 12,5esulting in a photoelectron count-rate reduction
by a factor of 10. However, the peak widths of silg dispersive states, such as the bare
Au(111) Shockley surface state, narrowed considierédr photoemission along the
surface normal. More importantly, this restrictiamfi the acceptance angle allows
measurement of band structure. In order to accaimphis, the sample is rotated in its
holder along an axis perpendicular to both thequel spectrometer axis and the laser

beam (see figure 2.11). Angle-dependent measursnestend typically fronk; = -0.1

-1 -1 . -1 .
A tok; = 0.3 A with a momentum resolution of 0.03 An the energy range available
by TPPE. Herek is the momentum component of an electron paralldi¢ surface.

The effective mass, and thus the extent of eleadedncalization, is determined
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by measuring the angular dependence of the phetoatekinetic energy. Sincl, is

conserved upon photoemission, its value is obtdiroed

k = \lzmeEkin 2.4

| =—————sing

wheremg is the electron mass in vacuuBy, is the kinetic energy of the photoelectias
it leaves the sampland is the emission angle relative to the surface maridsing the
values obtained fdk in Equation 2.4 and fittinin(k) to a parabola given by Equation

2.5, affords the effective masss and the band structure.
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Figure 2.11.1llustration of sample angle relative to analygeAR-TPPE experiments. a)
The substrate and detector are parallel, electirangl in direction of surface normal to
reach detector. b) The substrate is rotated byeanghith respect to detector, only
electrons wittk as shown reach detector (Yang).
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CHAPTER 3

ULTRAVIOLET PHOTOELECTRON SPECTROSCOPY OF VANADYL
NAPHTHALOCYANINE ON HIGHLY ORDERED PYROLYTIC GRAPHTE

3.1 Introduction

As discussed in Chapter 1, the interplay betweeanecnlar and interfacial
electronic structure is far from clear and depers@msitively on the thin film
organization, making predictive control of inteitdcenergy level alignment still a
challenge. Thus, systematic investigations of singfstems are important in order to
assess the evolution of the electronic structurd mrolecular organization at the
interface.

The properties of VONc are well-suited to this mep as will be shown here:
Like Pcs, VONc can be vacuum-deposited, allowing trowth of well-defined
interfaces from sub-ML to multiple ML coverageThe molecule is near-planar with a
permanent dipole moment of 2.7(4) D in the thimfjphase. VONCc is structurally related
to the phthalocyanin€$;** with a considerably larger polarizability providirhigh
sensitivity to the local electrostatic environmefithe substrate of highly ordered
pyrolytic graphite (HOPG) is a surface which does possess reactive dangling bonds
and therefore is unlikely to induce any moleculacamposition of the adsorbate.
Furthermore, the electron density close to the Fedge is very low, permitting high
resolution spectroscopic band analysis of VONc eawkaling subtle changes to the
electronic structure. In addition, VONc has a laafpsorption cross-section in the near-

infrared and an optical gap of 1.5 &\naking it suitable for photovoltaic applications.
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In this chapter, core and valence band photoeledpectroscopy is used to study
interfacial thin film structure and growth. Spesiropic data suggests that VONc
organizes in different orientations on the surfgm®yviding a range of local electronic
environments. These populations can be controNednnealing at modest temperatures,
with a profound influence on the electronic struetumportantly, the interface dipole is
predominantly controlled by molecular packing dgnsipolarizability and dipole
moment, representative of weak intermolecular sdstatic couplind” This allows a
predictive comparison of the interface dipole asras class of dipolar organic
semiconductors, offering an avenue towards detengpirenergy level alignment at
interfaces that is potentially applicable to a widege of systems. The detailed
knowledge of the interfacial electronic structuem @lso be used to assess the growth
mode of VONc on HOPG. Finally, this core-level amalence band study lays the
foundation for the excited state investigationthim remainder of the thesis.

This chapter is organized as follows: Section 3\eg a discussion of the
experimental procedure, followed by photoelectrpactroscopy results of thin VONCc
layers in both the core and valence region in 8e@i3. In section 3.4, the origin of the
interface dipole in dipolar phthalo-and naphthaéoages on HOPG will be discussed as
well as the spectroscopic evidence to investigadevidn of thin VONc films on HOPG.

The chapter concludes with a brief summary in $ac3i5.
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3.2 Materials and Methods
HOPG was purchased from SPI (grade SPI-1), fredelgved, introduced into a

UHV chamber pumped with a combination of turbomolac and ion pumps to a base

pressure of 5-1_%)0 mbar, and annealed for 12 h at 450 °C. A work fiomc{ ) of 4.5 eV
indicates that the HOPG surface is clean. If tras wot obtained upon first treatment, the
HOPG was annealed an additional 12 hours at°@50r until this work function was
achieved. VONc was purchased from Sigma-Aldrich @@dmg of VONc in powder
form were loaded into a home-built Knudsen cellhaiit further purification. Upon
initial introduction of the cell into vacuum, it waslowly ramped to the deposition
temperature of 478C over the course of about 6 hours in order to tendegassing of
VONCc. Upon reaching this deposition temperature,atll was held there for 20 minutes,
and then ramped back down. Once the cell was ligitidegassed, it was kept
continuously at a temperature of 28D. For regular depositions, VONc was brought
from 200°C to 470°C over the course of 1 hour. No signs of thermabdposition were
found using XPS, as will be discussed further ictiea 3.3. Sample deposition occurred
at 0.2 A/min in a custom-built deposition chamlweith a base pressure of 1-1énbar.

Film thicknesses were determined using a waterecbquartz crystal microbalance.

3.2.1 Photoelectron spectroscopy
3.2.1.1 VG
The sample was introduced into the photoelectrectspmeter (VG EscaLab MK

I, base pressure 5-:1®mbar) equipped with an integrated sample heaténoh angle-
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resolved UPS spectra were collected at room temperaising He(l) emission from a
SPECS/UVS 10/35 lamp oriented at & 3@gle of incidence from the sample surface
normal, with a -5 V bias, 10 eV pass energy, arlyaeaacceptance angle of + 12.&8nd

a take-off angle of Z2with respect to normal. The off-normal take-offgndid not
affect the spectral peak positions, in agreemerth wecent findings for TiOPc on
HOPG® For angle resolved UPS (ARUPS) spectra, an additicaperture was
introduced restricting the analyzer acceptanceeatgl+ 1.8 for angle-resolved UPS
(ARUPS) spectra, the take-off angle was modifiedgach scan, and a pass energy of 5
eV, with no sample bias was used. A resolution &BP meV was determined for the
angle-integrated UPS configuration. These resalwi@ues are the result of convolving
a Fermi-Dirac distribution function at room tempgera (fixed) with a Gaussian of finite
width (spectrometer resolution, adjustable) unhk tleast-squares fit matched the
experimentally acquired Fermi edge of a polycrysialgold sample acquired with the
same instrumental settings. Note that the preci®anhich a spectral peak position can
be determined is much higher (approximately 15 mewjl is determined by the
experimental repeatability and the standard deanabin the least-squares fits of the peak
center position. The vacuum level was measured ddgulating the slope of the
secondary electron cut-off (SECO) at the inflecp@mmt, and then determining where the
tangent line intercepts the spectral baseline.eXfperimental energies are reported as

binding energies with respect to the Fermi enétgynless stated otherwise.
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3.2.1.2 Kratos

Core level spectroscopy of VONc on sputter-cleatedoil and freshly cleaved
and annealed HOPG was performed in a Kratos AxiS/MPS system using the
monochromatized Al K anode with a pass energy of 20 eV. Peak positivese
determined in accordance with the NIST XPS calibraprotocol and based on nearby
photoemission lines such as the Au 4f line wherssjide. A Shirley background was

subtracted from all XPS spectra.

3.2.2 Calculations

3.2.2.1 DFT calculations

Computations and geometry optimizations for isa@la¥¥ONc molecules were
carried out by Nahid llyas using NWChethby DFT at the unrestricted PBEh level,
using a 6-31 g** basis set for C, H, N and O ane@aended SDD (Stuttgart RSC 1997
ECP) basis set for %7°° This level of theory has been demonstrated to giveliable
DOS, ground state structure and reasonable opgapl for CuPc and other metal-

containing system&:"*

3.2.2.2 Electrostatic simulations

Electrostatic simulations of a simple sheet of tipavere developed by Michael
Blumenfeld in a series of Matlab codes calledute Force.In these programs, the
electrostatic potential is modeled by a squareyaofadipoles represented by point
charges separated by a distance of 5 A. The pbiges are given values at the zero

coverage limit such that the dipole moment is eqoahe experimental value of 2.7(4)
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D. In the 2D gas simulation, the initial dipole alowed to change as a function of
coverage according to the Topping model and theemxentally determined

polarizability. In the island cluster simulationemblarization was applied numerically
until convergence was achieved. For more detaild Blatlab code, see Michael

Blumenfeld’s thesig®

3.2.3 UV/Vis

A VONc derivative of VONc, vanadyl 2,11,20,29-tetert-butyl-2,3-
napthalocyanine, was used for UV/Vis studies ireotd enhance solubility. The solution
was prepared by dissolving 10 mg of the butyl teated VONc in 1 mL of toluene.
UV/Vis spectra were acquired using an Ocean O@RB00 spectrometer with a 50 ms
integration time. A halogen light source was usmdabsorption measurements from 480
to 1100 nm, and a deuterium light source was ugedlsorption measurements between

290 and 480 nm. Measurements were referencedlamk ample of pure toluene.

3.3 Results
3.3.1 The VONc molecule

3.3.1.1 Molecular structure

Fig. 3.1a) shows a calculated molecular gas phasetse of VONc. The
molecule is slightly puckered with @;, symmetry induced by the VO-group located
above the molecular plane. The molecule has a lesdclidipole moment of 2.8 D, in
excellent agreement with experiment as shown belbwe molecular structure and

Kohn-Sham orbitals strongly resemble those of thlated Pcs such as VOPc or
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TiOPc?*%* Fig. 3.1b) shows the VONc HOMO with the charastizinode at the metal
center found also in all Pcs. This suggests tlegtbund state electronic structure should
be comparable across a set of Pcs and Ncs wittreliff metal centers. The calculations
reproduce the molecular density of states reasgnabll when compared to the UP-
spectrum of a 10 monolayer equivalent (MLE) VONmf(Fig. 3.1c)). The term MLE is
used to allow for the possibility that althoughMQ's worth of molecules were deposited
on the surface, the thickness may be more or kess 10 ML in different regions based
on molecular arrangement: Tall patches of molecatedd exist in one region and bare
patches in another. In Fig 3.1c), the calculatsimsw clearly that the HOMO is separated
noticeably from the lower-lying MOs, with a largie&ronic DOS only appearing below

2 eV relative to the Fermi energy.
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Figure 3.1. a) Molecular structure of VONc obtained by DFTtla¢ PBEh level. b)
VONc HOMO. c) Comparison of experimental UP-spectrof 10 MLE VONCc on
HOPG, unannealed, and DOS from DFT, convoluted ai@aussian of 0.4 eV width.
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3.3.1.2 UV/Vis

While the addition of butyl groups to the four témal rings of VONc has a
strong effect on its solubility, it has very littleffect on the molecule’s absorption
properties. This is primarily due to the fact thhe butyl groups are not electron
withdrawing groups, they are not in conjunctionhatite macrocycle and do not alter the
conjugated ring system where the delocalized médearbitals resideUnlike the butyl
terminal groups, the central VO, does alter theemulhr absorbance properties, shifting
the absorption maximum from that of 2,3-napthalooya (HHNC nmax = 788 nm). The
presence of the VO group leads to a slight changaectron density of the four inner
Nitrogen atoms compared to 2,3-napthalocyanine iaddces a change in molecular
symmetry fromDy to Cy4y. The observed absorption maximum at VONg:= 808 nm as
seen in Fig 3.2 corresponds to Re S transition (Q-band) and indicates an optical
gap of 1.54 eV. In the Soret band region, thre&kp@gere observed at 332 nm, 358 nm,

and 443 nm.
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Figure 3.2. UV/Vis absorption spectrum of a butylated VONc dative dissolved in

toluene. Spectrum obtained with halogen light seu@80 — 1100 nm) and deuterium
light source (290 — 480 nm).

3.3.2 VONCc thin films

3.3.2.1 Core level spectra

The elevated sublimation temperatures require ecel®f successful deposition
without molecular decomposition. To this end andaider to characterize the electronic
structure of VONc/HOPG completely as necessarmafoomparison with the Pc systems,
we performed XPS measurements. In order to betaldbserve the C 1s bands free from
interference by HOPG, we acquired Al KKP-spectra of a 5 nm thick VONCc film on

polycrystalline Au. Aside from obtaining electrorstructure information, this also helps
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with verifying intact deposition under the requiretbvated sublimation temperatures.
Fig. 3.3a) shows the C 1s region, where the safid tepresents a non-linear least-
squares fit of the spectrum using a series of \prgfiles. The two principal features,
located at 284.4 eV and 285.5 eV with widths ob0¥ and 0.90 eV, are assigned to the
two chemically distinct types of carbon atoms pngsee. the naphthalene and pyrrole
carbons. The integrated intensity ratio of 5.2:thigood agreement with the expected 5:1
ratio of the respective carbon atoms in VONc. Thectra show that VONc films can be
successfully grown without measurable decompositgther in the process of
evaporation or on the substrate surface. The $lighiferent chemical environment of
the different naphthalenic carbon atoms cannotiftenduished in the XPS spectrum, but
manifests itself in a slightly larger peak-width- * shake-up satellites to both the
pyrrole and the naphthalene carbon atoms are &iserced; corresponding to a band
gap of 1.58 eV. This is in excellent agreement witin measured optical gap of 1.54 eV
in solution, and the DFT value of 2.00 eV. It islkeown that calculations based on the
PBEh functional slightly overestimate the opticapd*

In Fig. 3.3b) the N 1s level shows a single featat 398.4 eV with a small
shake-up satellite around 400 eV, again correspgngith the — * gap. The somewhat
broadened full-width at half-maximum of 0.95 eVuks from the two slightly different
nitrogen atoms in the heterocycle. Also observed avaveak V 2§, and 2p,, spin—orbit
doublet at 515.5 eV and 523.0 eV with a spin—a@plitting of 7.5 eV, characteristic for a
vanadium oxidation state between +IIl and +IV. Whilaute this observation to only

modest electron donation from the heterocycle amulealominantly ionic character of
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VO. In agreement with this interpretation, the tiglly weak O 1s was found at 530.2
eV, indicative of @ . No other peaks were observed in the XP-spectand, similar
spectra were obtained on HOPG. We note that theelewel electronic structure of VONCc

is quite similar to that of phthalocyaning€s’
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Figure 3.3.a) C 1s region of XP-spectrum of 5 nm VONc on pofgtalline, sputter-
cleaned Au foil. Shake-up satellites yield a bapdghl.58 eV for VONc. b) N 1s, O 1s
and V 2p region of XP-spectrum of 5 nm VONCc film Au foil.

3.3.2.2 Valence band region and vacuum level

3.3.2.2.1 Evolution of film structure with anneaji
Fig. 3.4a) shows a He(l) survey spectrum of %2 MLENE on HOPG after
deposition (upper panel) and compared to clean HQ®@r panel). Note that the clean
HOPG has only one prominent feature, at 13.7 eMhenbinding energy scale. This
feature can be attributed to the unoccupi&dstate’> Converting to the appropriate

energy scale (binding energy is not applicableaatate that falls above the vacuum
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level), results in a peak at 3.1 eV above the vaciavel (8.3 eV abové&s). This is in
good agreement with thef state shown in the calculated band diagram of BQIRat is
presented in Chapter 6. As seen in Figures 3.4a)3afb), the presence of VONc is
evident from a series of strong molecular bandovdEs, in conjunction with a
diminished intensity of the HOPG* band. A small to non-existent interface dipole is
present upon deposition of VONc, as can be seen the negligible vacuum level shift
of the as-deposited film (~10 meV). This is coreistwith the weak interaction between
VONc and HOPG and permits a detailed line-shapéysisan the VONc HOMO region
as there is no broadening due to chemisorption.

At 0.7 to 1.4 eV belovEr features assigned to the VONc HOMO appear, shown
at high resolution in Fig. 3.4b). These featuredeango significant spectral change upon
annealing at 150 °C. In Fig. 3.4c), the VONc HOMggion is shown after annealing for
12 h. A vibronic progression of Voigt profiles wased to fit the asymmetric band shape.
The Gaussian FWHM was fixed to the instrumentablig®n of 96 meV, and the
Lorentzian component was fit using a non-lineasteguares method. The intensity of
each peak in the vibronic progression was foundgugaiPoisson distribution representing
the 1D effective high-temperature limit Frank-Condéactor for each vibrational
transition,v’ = 0 toVv’' = n upon ionization, withy” the neutral ground state vibrational

guantum number and the vibrational quantum number of the cation:

_S' s 3.1
n!

n

whereSis the Huang-Rhys factor anglis the peak height. Note that this fit is consisten
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with all fully annealed spectra from 0 to 1 MLE ewoage, with only the band position
shifting as a function of coverage. From this atHuang—Rhys factor of 0.25(5) was
obtained at normal emission. The Huang-Rhys factaries as a function of
photoelectron take-off angle, a finding that hasoabeen reported for several P€s.
Only taking into consideration the contribution rfrothe single observed vibrational

progression, an estimate of 75(8) meV is obtaiedhe reorganization energy using

/ =2 Shn, 3.2

where§ is the Huang-Rhys factor of th8 vibrational mode and; is thei™ vibrational
frequency.” "®An average value @& over all emission angles was used in Equation 3.2.
The results are in good agreement with structwegdaxation in Pcs and confirm
the similarity of Pcs and Ncs. The photoemissioocess accesses predominantly three
vibrational states, with an energy separation & dteV. The fit of the Lorentzian width
in the Voigt profile fluctuated slightly with emiss angle, but on average was 120 meV.
Since the Lorentzian component contributed to ttagonty of the Voigt FWHM, this

suggests hole lifetime-broadening as a major doution to the peak-widtf?
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Figure 3.4.a) Survey He(l) UP-spectrum of ¥2 MLE VONc/HOPG prio annealing
(upper panel, red) and clean HOPG (lower panetkild) Close-up of the low binding
energy region in the UP-spectrum prior to annealicjgLow binding energy region
(HOMO) UP-spectrum of fully annealed %2 MLE VONCc/HGHilm. The spectrum
shows a narrow single band with a vibronic progoes®f three peaks separated by
0.16(1) eV and with a Huang—Rhys factor of 0.25(5).
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In order to understand the HOMO structure furttlee, spectral evolution was
measured as a function of annealing time. As casdea in Fig. 3.5a), a large change
occurs within the first 30 min, where the main €eatshifts by approximately 280 meV.
Subsequent annealing increases the intensity sffélature further until after 4 h little
spectral change is observed. On the SECO sides thesges are accompanied by a shift
towards higher kinetic energy (Fig. 3.5b)), a shoft only 60(10) meV, which is
significantly less than in the HOMO region. In tbere-electrons, a similar shift during
annealing as for the HOMO is observed in the N BS>spectrum, as can be seen in Fig.
3.5¢). The much broader width of this peak masksditailed band evolution visible in
UPS. The broad band in the unannealed film supparisast two features separated by
0.3(1) eV, with full conversion upon annealing teilagle feature within the experimental
resolution. In contrast, the much lower atomic atante of V and O relative to N did not
allow identification of any spectral changes in ds and V 2p features at 0 — 1 MLE
coverages during annealing. Both UPS and XPS sppoint to an overall change in the
molecular electronic structure upon annealing.

The complex HOMO band structure may be attributethe existence of three
different configurations on the surfateThe three different configurations in the 0.3
MLE film in Fig. 3.5a) are identified as: Oxygenipiing away from HOPG (“O up”) at
0.82(1) eV, oxygen pointing toward HOPG at 1.10¥) and a third configuration “O
paired” at 0.95(2) eV, representing onset of tHayler structure. This indicates that the
two features in the N 1s XP-spectrum correspontDtaown” at 400.55(8) eV and “O

up” at 400.28(3) eV. This interpretation is suppdrby a diverse set of experimental
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observations in related Pc systems: Scanning tungnelicroscopy and spectroscopy of
VOPc on Au(11l) found an “O up” configuration asetimost likely adsorption
geometry’’ as also confirmed by metastable induced elecpentsoscopy for CIAIPc on
HOPG?? These findings are also similar to UPS for PbRt B®Pc on HOPG, as well
as UPS and computational results for SnPc on AG®I® Finally, our interpretation is
consistent with the observed increase of the vacilevael upon annealing, since for
photoelectrons the “O up” molecules generate aelapgtential step at the surface when
compared to the “O down” or “O paired” species.

We use the line-shape analysis of the fully anmk&#©MO in Fig. 3.4c¢) to
examine the structural evolution of the 0.3 MLETMfilduring annealing in Fig. 3.5a).
Three separate bands, each asymmetric due to @nwdhprogression, are sufficient and
necessary to analyze these spectra in a satisfagitioal fit of all experimental spectra at
all coverages and annealing times. The same \ioi@tiprogression as used in the fully
annealed spectrum in Fig. 3.4c) was found to gatesfactory fits to all three bands.
Despite spectral congestion, we were able to djsigh between vibrational
contributions and different orientations, since binaling energies and intensity ratios for
the latter are subject to change with increase@rame and upon annealing. In contrast,
the vibrational envelope is expected to remain @orsFitting fewer spectral features or
neglecting the vibronic progressions leads to whetermined global spectral fits that do
not yield a consistent analysis of all the spectesmsured. Note also that our analysis is in

agreement with previous repoffs.
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Figure 3.5. Spectral evolution of 0.3 MLE VONc/HOPG in the |dwnding energy
region as a function of annealing time. a) HOMO Bh&ECO region evolution at three
different times (: work function). Each feature in the low bindingeegy region was fit
with three bands consisting of a vibronic progm@ssdentical to that obtained in Fig.4

c). The three bands are identified as “O up” aR@BeV, “O down” at 1.10(2) eV and
“O paired” at 0.95(2) eV. c) Al KXPS in N 1s region of 0.2 MLE VONc/HOPG before
and after annealing. The “O down” feature (400.&\) A converts quantitatively to the
“O up” feature (400.3(1) eV and B in both spectca@sing the band to narrow and shift
to lower binding energies by 0.3 eV. The band slimad (0.95 eV FWHM) to identify
unambiguously the contribution of “O paired” andyotwo populations were fit.
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In unannealed films of VONc on HOPG, the “O dowmhtiguration is favored
upon deposition, in contrast to dipolar Pcs suchii@®c, CIAIPc or PbPc on HOP&E®
even though thermodynamic arguments predict a gémomteraction between the near-
planar -system of VONc with HOPG. The reason for thistipr@sent unclear, but might
reflect preferential nucleation at step edges ahéradefect sites on HOPG. 30 min of
gentle annealing at 150 °C results in a major papmn transfer to the “O up”
configuration, without significant formation of tH® paired” species. Further annealing
progressively increases “O up”, although residuabants of the other species may
remain after 4 h (Fig. 3.6). This is also in agreatmwith long-term experiments that
showed slow spontaneous conversion to “O up” ovanyrdays. We speculate that the
barrier to inversion from “O down” to “O up” is edively small and that the molecular
mobility on HOPG is high enough to permit formatioha film with parallel dipole
moments. While evaporation of surface-bound VONg i observed for films of many
MLE thickness, the molecules in the first monolagppear to be firmly bound and do
not sublimate measurably under the chosen anneatinditions: The integrated spectral

intensity remains constant throughout the anneaogess.



104

90 A

70 - F 2

=]
1=

60 - } A Up

- _ M Paired
® Down

40 -

% of Population

30 -
20 - E "

Annealing Time (Hours)

Figure 3.6. Surface population of the three orientational mgeobtained from UP-
spectra. For some annealing times, error bars eterivtom fits are smaller than the
symbols.

As seen in Figure 3.7 spectrum B, deposition ofMI(E results in a spectrum
dominated by VONCc prior to annealing. Annealind 80 °C leads to a drastic change in
the spectrum, with a conspicuous reemergence ofGi@Ratures such as thé band.
Further inspection of this spectrum in conjunctiwith high resolution scans in the
HOMO region (inset, Fig. 3.7) identify the annealgokectrum as that of a full ML,

consistent with the overall significantly lower spal intensity and binding energy when

compared to the unannealed spectrum. It is thergboissible that layers beyond the
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initial layer are more weakly bound, and the annealtreatment could lead to
resublimation and reemergence of the 1 MLE film.r&ldikely because of the large
temperature difference between sublimation and @mge mild annealing conditions
may lead to formation of tall VONc “crystallites”ithr only limited contribution to the
spectrum at thicknesses much above 1 MLE due terttadl electron escape depth in this
energy range. Consequently, the spectral appearmdoeninated by the thinnest patches

with an overall appearance of that of a 1 MLE film.
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Figure 3.7. Survey UP-spectrum of 10 MLE VONc/HOPG prior tamealing (blue, B)
and after annealing at 150 °C (A, red). Inset: €lop of HOMO region.
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3.3.2.2.4 HOMO angular intensity dependence

In order to gain additional insight to the molesulbrientation of VONc in
annealed films, we obtained a full set of He | HOM@ctra for electron emission polar
angles ranging from °&o 48 for 0.6 ML and 1.0 ML films. The He lamp can fluate
in intensity based on warm-up time and very slighanges in He gas pressure.
Therefore in order to take these measurementslathp was allowed 30 minutes of
warm-up time. Further the counts per second at abemission angle were checked
periodically to ensure that the lamp flux was canstThe intensity of the HOMO peak
was found to have a strong angular dependencéelpadst, both the independent atomic
center (IAC) and single-scattering (SS) approxioreihave been successfully used with
molecular orbital calculations to give quantitatiméormation on the orientation of large

-conjugated moleculés.In the IAC approximation, a molecule is consideasch set of
independent atomic emitters with different pathgtes to the detector. The total
photoelectron intensity is the sum of the contidnubf the partial waves emanating from
each atom. If molecules are arranged in an orgdnizanner on the surface, an intensity
interference pattern as a function of angle is niesbdue to constructive and destructive
interference of the photoemitted partial electroaves. On the other hand, if the
molecules are arranged completely randomly on thiase, no intensity dependence as a
function of polar angle is expected, as all intenfee effects cancel. Fig 3.8a) shows a
comparison of the UPS spectra of the 1 ML HOMOGitaff-normal emission angle and
at normal emission angle. Fig 3.8b) shows the sitgof the 1 ML HOMOvs emission

angle presented in a polar plot with lines to guide eye, and Fig 3.8c) shows a
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comparison of polar plots for 0.6 and 1.0 ML. It @sident that a strong angular
dependence exists, and that this dependence isathe for both 0.6 ML and 1.0 ML
coverage within experimental resolution. Withoute®gating how the molecules are
oriented (this will be discussed in Section 3.#4)siapparent from their strong angular
intensity dependence that the VONc molecules arentad quite uniformly on the
surface and that this orientation does not chapge increasing the coverage from 0.6 to

1.0 ML.
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Figure 3.8.a) Comparison of photoemission intensity from afeegd ML HOMO peak
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3.3.2.2.2 Evolution of the work function with cage

The change in vacuum level for VONc on HOPG canirierpreted in the
framework of the Topping model, as used previobsiya number of groups for SAMS in
particular.'”"#Briefly, the growing density of largely “O up” famg VONc molecules
leads to an increased electrostatic potential stdp at the surface, with an associated
increase of the vacuum level and hence work functio

€nyr gip

= 3.3
e @+ fa,,r

3/2
dip )

wheree is the elementary chargey the molecular permanent dipole momeni, the
dipole density per area,, the vacuum permittivity, ,, the polarizability tensor
component perpendicular to the surface firdd.03 a numerical factor representing the
square lattice of VONc on the surface, as deriveddpping® The dipole density at 1
ML is 1 molecule per 1.7 nm x 1.7 nm, as observgdab STM study in ultrahigh
vacuum of a near-ML thin film of #Nc on HOPG? Note that the metal center has little
impact on the lattice constant in Pc and henceysemss A fit to this model (shown
in Figure 3.9) yields o = 2.7(4) D and ,,= 3.4(11)-1¢® m® for VONc with only mild
correlation between ,, and o. The value of ¢ calculated using this model may be
slightly different from the dipole of a gas phas@Nc molecule. This is due to the fact
that this model gives the value of the net dipdl&¥ ©Nc on the HOPG surfadee. (=

gp T im, Where g,is the dipole moment of a VONc molecule in the ghase andim is
the image dipole (opposite direction) induced upanging a VONc molecule into close

proximity with the HOPG surface.
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The simple picture underlying this model is thapalarization diminishes the

permanent molecular dipole momeny,to an apparent dipole moment,

— m
m 3/2

1+ fazzrdip

3.4

thereby reducing the coverage-dependant rate ofease in the potential step

representing the vacuum level, while the stepfitsmitinues to grow with coverage.
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Figure 3.9.Work function as a function of VONc coverage on HRPopping fit of
these data results in a polarizability of 3.24M° and a dipole moment of 2.7(4) D.
Work function error bars determined from repeatghbidf measurements within a given
day. Coverage determined directly from QCM.
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A decrease in the vacuum level is observed withattdition of the second ML of
VONCc molecules; this is consistent with a film itnieh molecules of the second ML are
arranged with their dipoles in the opposite diatf the first ML. If the second layer of
VONCc atoms are oriented with their oxygen atomrigcihe surface (“O down”), then
Eqgn. 3.3 predicts that the vacuum level decreases 1 to 2 MLE, since eventually the
dipole moment from each “O up” molecule will bedaly cancelled by the preferred
combination with an “O down” molecule in the secdager, forming mostly “O paired”
with a net zero dipole moment. The work functiorclean HOPG should be recovered at
2 MLE. This is indeed the case for the annealed, fis is seen in Fig. 3.10. This is
consistent with the notion of different configucats of VONc on the surface and
supports our model. However, this process requaresverage of slightly more than 2
MLE, possibly because of incomplete terminatiothef second ML. In the case of planar
phthalocyanines, a transition towards the bulkcstme occurs within a few ME: the
onset of which might also cause the apparent need2 MLE coverage to achieve

complete cancellation of dipole-layer-induced vandavel shifts in VONc/HOPG.
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Figure 3.10.Evolution of the work function of fully annealed-® MLE films of
VONCc/HOPG. Work function error bars determined frigpeatability of measurements
within a given day. Coverage determined directhnfrQCM.

3.3.2.2.3 Evolution of the HOMO with coverage

Contrary to the notion that the molecular energgle “follow” the vacuum level,
the HOMO peak moves instead to progressively higieding energies with coverage,
as shown in Figure 3.11. This is in contrast tooregpon TiOPc, in which the HOMO
binding energy remains unchandédhe immediate consequence of this finding is that
the IE is not just not constant but increases béyranges in the vacuum level, with an

additional shift of the O - O transition over apgroately 60 meV between 0.2 and 1 ML.
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Such stabilization of the molecular energy levedsinot be explained by coverage-
dependent polarization energy effects or changephmtohole screening since these
mechanisms either lead to lower apparent bindirggggnin UPS or do not apply to sub-
ML coverages. Furthermore, van der Waals interasti@re unlikely to be the source of
the observed HOMO shift due to their short-rangeungga in contrast to the gradual

energy shift observed in the data. Additionallyamtpes in molecular density do not lead
to shifts caused by changes in molecular oriemiaie molecules pack tighter, since
ARUPS data indicate that the molecules in 0.6 Md a0 ML films have the same

orientation. Instead, we propose a model discussttk next section 3.4.



114

Normalized Counts

E2°8g°82°B8g°8g 8 g
Photoelectrons / s

0 ML
el s
0.0 ' . . . . . 0
-17.0 -16.5 -16.0 -1.25 -1.00 -0.75
E-E. (eV)

Figure 3.11. SECO progression with coverage (left side) and HIDptogression with
coverage (right side). Vertical line to guide thee €black dashed), actual shift (red).
SECO and HOMO shift in different directions.

3.4 Discussion
3.4.1 Origin of interface dipole

Before we turn our attention to the implicationstloé spectroscopy for the film
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growth, we discuss the origin of the interface tBpm VONc/HOPG. Given the weak
interaction between VONc and HOPG, we investigagedrigin of the interface dipole in
a series of related dipolar organic semiconductdve. compare VONc, VOPc and
TiOPc, three organic semiconductors with large Miifferent dipole moments,
polarizabilities and molecular sizes (Table 3.1% wWas discussed in Section 3.3, the

electronic structure of these molecules is expeictdx quite similar.

Table 3.1. Polarizability tensor component,, molecular area, work function shift,
molecular dipole moment and coverage for TiOPc and VONc caetawith
experimental angbredicted shift for VOPcExperimental datd; "Experimental dafg;
°Estimated from experiment in this chapfi@alculated from data in thtable.

VOPc ? TiOPc ® VONC © VONCc © VOP¢ ¢

Coverage 0.53MLE 1 MLE 0.53MLE 1 MLE 0.53 MLE
(thickness) (2A) (3.84A) (2.5A) (5A) 2 A
Molecular dipole 1.77 D 2.7D 2.7D 2.7D
Molecular area (nm?) 2.89 2.89 2.02
Polarizability o (m?3) 8-107% 3410  34.107% 8-107%
Workfunction shift (meV) 250 290 150 210 241

When annealed, VOPc has been reported to yieldr& fwoction shift of 250
meV at a nominal thickness of 2 A or 12 MEENo dipole moment ozzcomponent of
the polarizability tensor was reported. For an atete 1 MLE of TiOPc, a molecular
dipole moment of 1.77 D and agp, of 8:10°° m* were obtained, with a vacuum level
shift of 290 meV at 1 MLE’ Ueno and coworkers assumed a molecular surfaeefare

TiOPc of 1.88 nrhin the close-packed arrangement, identical toah&uPc'”**Barlow
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et al. measured a molecular footprint of 2.02°nfor VOPc on Au(111§* We assume
this footprint to be identical for VOPc on HOPGrthermore, we assume that VOPc has
an zidentical to that of TIOPc but a dipole momen®of D identical to that of VONC.

If the interfacial interaction is indeed weak, thafata permit a prediction of the work
function shift for VOPc at ¥2 MLE, verifiable by thexperimental observations. As
shown in Table 3.1, a vacuum level shift of 241 mgdbtained, in excellent agreement
with the reported value. This suggests that in dhsence of strong coupling to the
surfacee.g. through partial charge-transfer, electrostatie@f dominate the difference
in vacuum level shifts among VOPc, TiOPc and VOWNais is also in good agreement
with rather small vacuum level shifts observedhat ® — 1 MLE level for the nonpolar
CuPc on HOPG! Therefore dipolar Ncs and Pcs on HOPG form a ctdssrganic
semiconductors where the interfacial electroniacitire can be predicted accurately on
the basis of molecular properties such as dipolenemb, polarizability and size. Such a
level of predictive power is essential for accuratgineering of interfaces in organic
electronic devices. It is important to assess hawarsal this observation is for surfaces
that tend to interact more strongly with the molactlayer. This will be addressed for the

Au(111)/VONCc system investigated in Chapters 7 &nd

3.4.2 Thin film structure and growth
3.4.2.1 Comparison with IAC/MO approximation foOHc
Earlier it was shown from DFT calculations that VONas a &, molecular

geometry, and that the HOMO is delocalized overNieering with a symmetry. DFT
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calculations by Kerat al®®

result in the same molecular geometry and HOMOnsgtry
for TiOPc. Therefore, as a first step we analyzad angle resolved UPS data in the
context of the IAC/MO approximation for TiOPc. ligkre 3.12, our VONc ARUPS data
is compared with predictions for flat lying TiOP®lacules using the IAC/MO approach.
Although our VONc angular intensity dependenceds an perfect fit with the IAC/MO
predictions, it is quite close and would likely &re even better match with VONc specific
calculations. It is clear from our ARUPS data attlve have a well organized surface, ii)
that molecular orientation does not change betv@e@ML and 1.0 ML, and iii) that the

VONCc molecules are lying flat on the HOPG surfadth\wome minor speculation that is

well supported by literature and can be confirntedugh future calculations.

O VONc Data

6=0 — TiOPc IAC/MO for flat lying molecules

Intensity (normalized)

Figure 3.12.1 ML VONc HOMO intensity compared with IAC/MO pretions for
HOMO of flat lying TiOPc molecul&d which contain the same molecular geometry and
HOMO symmetry.
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3.4.2.2 Model for HOMO shift as function of sub-ktiverage

As was shown in Section 3.3, the binding energyhef HOMO increases as a
function of sub-ML coverage. This cannot be exmdimy changes in orientation with
coverage, because in the last section it was siibatnHOMOs at 0.6 ML and 1.0 ML
have the same angular intensity dependence. Fushehn stabilization of the molecular
energy levels cannot be explained by coverage-digpenpolarization energy effects,
changes in photohole screening, or van der Waddsaictions. Instead, we propose the
following empirical model: In the absence of depiaktion, photoelectrons from the “O

up” HOMO experience a binding energy, that differs by an amoun2DE . from

electrons originating from the “O down” HOMO (bindi energ¥E..?), as

down

experimentally observed at coverages approachimddLO However, as depolarization

diminishes o to , 2DE ,, is reduced accordingly, resulting in an “O up” diirg
energyk,p
DE
E =(E”® . DE S T 3.5
up ( down /rmz)) 1+ fazzrg,i:)z

Notice that Equation 3.5 expresses the “O up” igdenergy in terms of i) the “O

paired” energy, immune to depolarization because 0, and ii) a shiftDE ,, with

respect to this “O paired” energy and subject tpothrization. The solid line in Figure

3.13b) shows a successful fit to Eqn. 3.5 usingwhees of o and ., obtained from

Eqgn. 3.3 for the vacuum level, yieldinge ,,, = 0.17(4) eV andE " = 1.15(7) eV.

down
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Intriguingly, DE .+ Eg.. may be confirmed independently by the UP specfra o

down

unannealed VONc/HOPG, Figure 3.5a). The separattween “O up” and “O down” at

Y2 ML is 0.32(2) eV, slightly smaller thaBDE . obtained from the fit to the HOMO

shift. This is expected, since at ¥2 ML depolarmathas diminishedy by ~18%. The “O
down” configuration was found at a binding enerdyldl4(2) eV, again slightly less
bound than predicted for molecules with the fupale moment . Incidentally, the “O
paired” configuration corresponds to a species with0 D and was found & = 1.00(2)
eV, approximately halfway between “O up” and “O ddwas predicted by the model.
Note that this agreement between UPS and the nsadegkests that “O up” and “O down”

are predominantly clustered separately on the ceirfa
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Figure 3.13. a) Work function change of annealed VONc/HOPG a#furection of
coverage and fit with Eqn. 3.3. b) Evolution of tHOMO binding energy of annealed
VONCc/HOPG films as a function of coverage and fitmEqgn. 3.5. Work function and
binding energy error bars determined from repebtalof measurements within a given
day. Coverage determined directly from QCM.



120

3.4.2.3 Thin film growth and electrostatic potahti

In order to understand the physical underpinninfisthe empirical model
presented in the previous section, we use an etgatic model of the dipolar interface
generated by VONc molecules aligned in an anneéiled VONc molecules were
approximated as 5 A dipoles with a molecular dipoement of 2.7 D and a maximum
density of one dipole per 1.7 nm x 1.7 fitiThe electrostatic potential and electric fields
were then calculated at various heights aboveuhace as a function of surface density
and packing arrangement.

Using this approach, we investigate a scenario evheslecular packing density
increases linearly with surface coverage, as irddby the Topping model and Equation
3.3%89 Briefly and as already shown by Kronik and cowoské the electrostatic
potential tens of A above an infinite sheet of d#soincreases with molecular packing
density in a manner consistent with the Topping ehad Egn. 3.3. This is seen in Figure
3.14c) and d). Those aspects of the electrostaid &nd potential that track the local
dipolar nature decay exponentially with distanaarfrthe surface, quickly approaching a
uniform potential above the surface in the fardietgime,i.e. for heights >10 A (Figs.
3.15a) and c)). This exponential damping of thealloelectrostatic environment is
ultimately responsible for the success and wideagbapplication of the Topping model
in the context of self-assembled monolay&r& and thin molecular films’

The electrostatic potential in the near-field negiat heights much closer to the
dipolar layer decreases with coverage, in conta#ite far-field potential (Figure 3.14a)

and b)). This is representative of the environnexygerienced by molecular electrons
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promoted to a final state well above the vacuunell@nergy such ae.g. from the
HOMO and N 1s orbitals. Both sign and magnitudéhaf change are in good agreement
with the different evolution of the experimentalcuam level and the HOMO and N 1s
binding energies. In contrast to secondary elestromolecular photoelectrons are not
sensitive to the potential step at the surface réier to the local potential in proximity
of their point of origination. Since the photoelect energy and hence the molecular
electronic structure at surfaces must be measuitbdr@spect to a reference such as the
analyzer or the Fermi energy, a lower electrostatitential reflects in fact the larger
work required to remove an electron, equivalerd &ironger binding energy and hence
an increased ionization energy. The change in tbkecular dipole moment translates
therefore into a change in the molecular electratiticture. In contrast, the slow
secondary electrons respond predominantly to tteefactial potential step as described
by Egn. 3.3. This model immediately predicts difgr binding energies for “O up”, “O
down” and “O paired” as well as an increase in fdefield potential (vacuum level)
upon annealing, in excellent agreement with expemtmMoreover, in the near-field, the
potential is strongly laterally modulated, repogtion the local electrostatic environment.
The results of the electrostatic simulations arestim quantitative agreement with our
experimental observations of changes to the vaclewel, N 1s and HOMO binding

energies as a function of coverage and anneahmg ti
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Figure 3.14.a) Near-field electrostatic potential 2.7 A abov@R{G as a function of fully
annealed VONCc coverage and lateral position. by{lell lineout as indicated in a) at 0
nm lateral displacement. c) Same as a) but fofahéeld region measured 100 A above
HOPG. Regions of high potential correspond to mdbecdipoles. d) Lineout in c¢) at O
nm lateral displacement.

This model is in agreement with a series of recepbrts by Koch and coworkers
that demonstrated a strong dependence of the temza&nergy on the molecular
orientation in the thin filn?:*’~*° These observations were interpreted in the coribxt
different electrostatic potentials immediately adawe molecular layer for lyings.

standing molecules, owing to the existence of ptards or the spatial anisotropy of the

-electron distribution in molecules such as segjthene or perfluoro-pentacene.
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The near- and far-field model provides a theoréticaderpinning for the
experimental findings. It implies however a unifoaverage coverage of the molecules
across the surface in a disordered fashion akia @D-gas. Results from scanning
tunneling microscopy on nearly 1 MLE of VOPc on Ail{) report the formation of well
ordered domain$, in contrast to the notion of a 2D-gas. Thus, wedusur electrostatic
model to explore the effect of island formationtwd coverage-dependent size as an
alternative to the 2D-gas model. Note that in tase, the potential above a single finite
island will tend toward O V at very large distanciscontrast to the 2D-gas model; this
effect is however not relevant in the height rangesstigated here. Figs. 3.15b) and d)
show the average potential experienced above tHecolar dipoles calculated for a
series of heights above the surface and as a @umofiisland size, which is expressed in
terms of the number of molecules per island. Weirassa molecular square lattice and
an intermolecular distance of 1.7 nm within thearsi®® Clearly, these calculations
mimic qualitatively the observed behavior: In tleanfield regime close to the molecular
layer, the average potential inside an island drapsa function of island size as
depolarization diminishes the molecular dipole motheonversely, in the far-field
regime, developing at heights in excess of 10 &, derage potential increases with
island size. Moreover, the far-field potential sisolitle variation on molecular length-
scales, just as in the 2D-gas model. Quantitatitbtyugh, this model appears less
satisfactory: The majority of the near-field potahtlecrease occurs within aggregation
of less than 100 molecules, corresponding to island more than about 20 nm in

diameter. Furthermore, as can be seen in Fig. B.ABd d), the majority of the
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experimentally observed change in far-field po@nticcurs within less than 1000
molecules, also corresponding to a small islancchSan aggregation model is thus
predicated on nucleation at a large number of sitd®wed by growth of the relatively
large number of small islands upon further depmsitOnce these islands have reached a
size of a few hundred molecules, the film fuse$oton a complete ML. The near-field
potential may be used as a suitable metric to astinthe nucleation density, since
molecular photoelectrons only emanate from islaftiss is in contrast to the secondary
electrons whose origin may be either HOPG or, astléen part, also VONc. From the
experimental data, we estimate the nucleation tetwsibe approximately &cm? by
assuming that aggregation of the first 100 molecuea single island completes the
evolution of the near-field potential and that igla of that size fuse to form the full ML.
Nucleation is expected to occur predominantly dectesites on HOPG such agy step
edges. The calculated nucleation density seemgdtiusr high, as is also confirmed with

typical nucleation densities of 46m? for growth of metal nanoparticles on HOPE.
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Figure 3.15.a) Normalized electrostatic potential as a functd coverage measured at
several different heights for a 2D-gas model. bymidized electrostatic potential as a
function of island size measured at several diffeteights for a nucleation and growth
model. The abscissa is in terms of the number déootes, proportional to island size

and hence coverage for ease of comparison with gaof the figure. c) Electrostatic

potential as a function of height above the HOPfase measured for increasing surface
densities of VONc. d) Electrostatic potential afuaction of height above the HOPG

surface measured for increasing island sizes fucéeation and growth model.

Further difficulties arise from the lack of quaative agreement between the

island growth model and the experimental data: Altfh the nucleation and growth



126

model reproduces the trends observed in the speopa@ data, the functional shape of
both near and far-field potentials is significandlijferent. The near-field potential drops
much more steeply with island size and hence cgeethan observed experimentally.
Similarly, the far-field potential grows rapidly thiisland size and the potential saturates
already at small islands. Note that the resultsented here use the experimental values
0=2.7(4) D and = 3.4(11) -1¢® m* varying o by a factor of 10 and,, by a factor
>2 does however not affect the conclusions. ThiggBnlys suggest therefore that while
both models are in qualitative agreement with tipecsoscopic observations, the
nucleation and growth of small islands is lessl¥ile least for VONc on HOPG. Instead,
the molecular and interfacial electronic structaes be understood on the basis of a

surface density linearly increasing with coverage.

3.4.3 Molecular polarizabiltiy calculations includy image dipole effects

By fitting the Topping model (Equation 3.3) to theperimental work function
shift with VONc surface coverage, a polarizabilioy 3.4-10°® m*® was obtained.
However, this value may be too high because thepifigpmodel only includes direct
nearest neighbor interactions and neglects the ttaé the HOPG surface plays in
depolarization with coverage. The additional tedus to image dipoles as a function of

coverage () are:

V)= | 1 12d

- 3.6
R, (RfZ +4d2)3/2 (R$+4d2)5/2]

and



127

1 3.7

where R; are the two-dimensional lattice vectors of the wellaandd is the distance
between the dipole layer and the image pf@héEquation 3.6 accounts for indirect
interactions between nearest neighbors, and Equatid accounts for screening by the

HOPG surface. The addition of these terms into g#gua.3 gives:

DV = €nyr gip 3.8

& 1+a,, fri?+Vv(g)- 4;3
A closed form expression f&( ) cannot be obtained; howewrwas calculated
using a system of 2500 molecules, for several @iffecoverages and fit to an empirical
analytical expression for ease of use. For a gjesn exponential shape fit( ) well,
and could be subsequently used in equation 3.8ur&i8.16 shows such\q ) curve fit

for a 3 A distance between the dipole layer andyenalane.
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Figure 3.16.Fit of V() term for 2500 molecule system addf 3 A. The exponential
shape from this fit was used in Equation 3.8.

A fit to the vacuum level shifés. VONc coverage using equation 3.8 (shown in
Figure 3.17), results in the same dipole momer.63) D obtained using the Topping
model. However, the polarizability of the molecutiereases slightly from 3.4(11)%0
m? to 1.9(6)-16® m®. This is an expected outcome because the Toppaughattributes
all depolarization effects to the highly polarizaipholecules, whereas the inclusion of the
image dipole terms attribute some of the depoltdraeffects to the surface and some to
the polarizable molecules, resulting in a smallelug for the perpendicular molecular

polarizability.
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Figure 3.17.Modification to Topping fit of vacuum level shiiihicluding image dipole

effects as a function of coverage on HOPG surfabes fits results in the same dipole
moment but a reduced molecular polarizability pedieular to the surface.

3.4.4 Similarities with Muscat-Newns model

The observed non-linear shift in work function witlusorbate coverage is
reminiscent of the well-known work by Muscat andas % These authors showed that
in systems with strong chemisorption the work fimtshifts non-linearly with coverage,
developed for the case of atomic adsorbates. Theyed in a simple quantum
mechanical model that alkali atom valence leveift ahd broaden when approaching the

surface, followed by electron transfer to the stefaThis generates a dipolar species
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across the surface. Adsorption of subsequent at@sidts in shifts of their valence

energy levels to higher binding energy in the pneseof a nearby partially positively

charged atom. The closer the lateral proximityha hearby atom, the greater this shift.
Therefore, when more adsorbate atoms are evapasatedhe surface, electron density
may be transferred back to the chemisorbed, plgrtiahized adsorbate atoms. This
ultimately results in a non-linear shift in worknfetion with coverage.

There are two primary distinctions between theesyspresented in this chapter
and the types of systems described by the Muscamblemodel: i) Our system is
composed of large molecules rather than atoms atirtterface with large valence
electron densities, and ii)) VONc/HOPG forms a pbgsitive interface with built-in
molecular dipoles. In the Muscat-Newns model, giramemisorption and therefore
electron transfer between substrate and adsorbatis [to a dipole across the surface.
However, the basic features of the Muscat-Newnspaetive are still relevant for our
system. For example, in both types of situationsudace dipole layer is depolarized
with coverage, due to the proximity of neighborimglecules. Therefore trends seen in
our system are expected to be understandable incdh&ext of the fully quantum
mechanical approach of Muscat and Newns. In Chaptersults to such an undertaking

will be presented.

3.5 Conclusions

In conclusion, we have demonstrated that at the ¥80PG interface, both the

vacuum level and molecular energy levels shift, &y by different amounts and in
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different directions. We show that this is a ndtwansequence of the electrostatic
potential in the far-field region several tens ofaBove the surface and the near-field
region with its strong lateral variability and dease with increased coverage owing to
depolarization effects. Our findings show that nfateial layers used to tune the work
function of an electrode may develop the complaiteqtial difference sensed by the
vacuum level position only in the far-field, with @otential gradient extending over
several monolayers. The change in ionization energynall and is observable because
of the relatively sharp photoemission band strictofr VONc on HOPG and the large

polarizability of VONCc.
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CHAPTER 4

EXAMINATION OF UNOCCUPIED STATES OF VANADYL
NAPHTHALOCYANINE ON HIGHLY ORDERED PYROLYTIC GRAPHTE

4.1 Introduction

In this chapter, | extend the previous studiesnitduide the use of two-photon
photoemission (TPPE) in order to examine the lowestrgyunoccupiedstate of VONC.
Although this state presents energetically closeth® lowest unoccupied molecular
orbital (LUMO) of VONC, it is fundamentally differe because this state has excitonic
character intermediate state (as discussed in €haptand contains in fact an excited
hole as well. It will however for ease of nomenatatbe referenced to as theMO.

In the last chapter, the measurement of grounck giatarizability and dipole
moment at a highly defined interface of orientedothr organic semiconductors was
reported. The choice of dipolar molecules providgmth to measuring the polarizability
in an internal field established by the dipolar emniles themselves. In this chapter, the
first measurements of the excited state polariggkaind dipole moment of an organic
semiconductor at an electrode interface are repof®PE of VONc, a near-planar
heterocyclic molecule with a permanent dipole manpempendicular to the plane of the
molecule, is used to investigate the evolutionh# interfacial excited state electronic
structure as a function of coverage on highly dadrpyrolytic graphite (HOPG). In this

chapter, it will be shown that changes in the epéegel alignment at this interface can

be used to obtain an experimental estimate of émgcal molecular polarizabilitya &

zz

of an excited state. A simple electrostatic modelded to obtai, in this excited state
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of VONc at the interface with HOPG. The procedurdlioed here can be used in
principle to determine these quantities for anyeotsble dipolar interfacial excited state
with a similar growth mode.

In the excited state, the molecular polarizabilitys correlated with the exciton
size, although the exact quantitative relationshigtill not clear: Bassler and coworkers
used a simplified hydrogenic model for the exciter¢luding electron correlation and
dielectric screening effects, to show that

wherer, is the exciton radiu®® While this relationship is not quantitatively cext,
there is nonetheless an approximate, linear reiship between exciton volume and
polarizability as found, for example, in polymé?$!® The excited state polarizability
informs qualitatively on the exciton size at thdenface, of critical importance to
understanding charge-transfer characteristics. Juggests the importance of obtaining a
guantitative assessment of excited state polafiiabi at interfaces of organic
semiconductors.

This chapter is organized as follows: First, aftdescription of the materials and
methods used is given, followed by a TPPE charaet#gon of bare HOPG, in order to
clearly indicate those states in the spectra tr@tasociated with bare HOPG; next the
excited state electronic structure of VONc on HOB@resented for both as-deposited
and annealed thin films of VONc on HOPG,; finallytheckness progression is shown for

annealed films between 0 and 1 ML and shifts in gkeited state binding energy are
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discussed.

4.2 Materials and Methods

HOPG was purchased from SPI (grade SPI-1), fresldgved and annealed in
UHV for 12 h at 450 °C. TPPE spectra were obtaingtg the attenuated frequency-
tripled output of a 15 W-pumped Ti:Sapphire ostolfa(80 MHz repetition rate, 120 fs
pulse duration) with typical pulse energies of 18@pulse, in p-polarization and at an
angle of 53° with respect to the surface normal. gplectra were collected at room
temperature with a normal take-off angle, angutareptance of +12%a -5 V sample
bias and a pass energy of 1 eV in a VG EscalLab Migdctrometer (base pressure 5-10
% mbar) and the photoelectron kinetic energies weferenced to the Fermi enerBy.
From deconvolution of the Fermi edge of an Au filmGaussian spectral broadening of
89(8) meV due to spectrometer resolution and lasése-width was determined. The
narrow peak shapes of VONc on HOPG, typical sigoadeise ratio and negligible day-
to-day variability permit however a peak centroicetedmination precision of
approximately 15 meV.

VONCc was purchased from Sigma-Aldrich and used outHurther purification.
Prior to evaporation from a home-built Knudsen,a#lé cell was slowly ramped to the
deposition temperature in order to promote deggssiithout prolonged exposure to
excessive cell temperatures that would risk therdemlomposition of VONc. Sample
deposition occurred at 0.2 A/min in a custom-bdiposition chamber, with a base

pressure of 1.-I10 mbar. Film thicknesses were determined using artzjuarystal
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microbalance and calibrated against the known vaclavel shift of VONc on HOPG.
Note that the associated error bars are largestdar-monolayer coverages because of

the small change of the vacuum level with coveiaghis regime.

4.3 Results
4.3.1 Characterization of bare HOPG

Prior to deposition of VONc on the substrate, dd@PG was characterized by
two-photon photoemission. As seen in figure 4.8, TPPE spectrum is quite different
from the UPS spectrum, with two different featudesninant in spectrum. These peaks
were identified as unoccupied states by obserieg thange in final state with different
excitation energies. Several spectra obtained far of these features using different
excitation energies are shown in Figure 4.2. Theetic energy of each feature was
plotted as a function of laser excitation energyigure 4.3. The slope of ~1 indicates
that photoelectrons from both features originatednftransiently populated unoccupied

states, sincg,,,, = E.,+h - E-, whereEgsis the energy of the excited state relative to

final
Er. Together withEes = 3.6 eV, corresponding to a binding energyg() of 0.9 eVvs.
VL, the higher energy feature can be attributethé;n = 1 image state in agreement with

085eV
(n-a)?” "

an expected binding energy Bf; = - and a quantum defeatc 0. The second

peak must be attributed to a transition into thieband. The calculated HOPG band
diagram shown in Figure 4ghows this situation more clearly. It is interegtio note

that both transitions must be nkpeonserving given the energetics involved. These
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findings are in agreement with previous studiesl®PG using IPES and TPBE:1’
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Figure 4.1. Two-photon photoemission spectrum of clean HOP&efavith 4.03 eV p-
polarized light. Sample oriented normal to the wred. Features seen are secondary-
electron cut-off (SECO),* unoccupied band of HOPG and = 1 image potential state.
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Figure 4.2. Image state feature from bare HOPG spectrum. Quesigectra collected

using four different excitation energies. The fintdte energy of the peak center shifts by
the same amount as the change in excitation energy.
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Figure 4.3. The peak center of each of the two features irbdre HOPG spectrum are
plotted as a function of excitation energy. Theultésy slopes of approximateiy = 1
indicates that each of these peaks originate frootcupied electronic states.
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K A\ r 2 M

Figure 4.4. Theoretical band diagram of graphite. Calculatadgufull crystal potential.
bands are dashed andbands are solid. Adapted from Tatar and Rabii {148

4.3.2 1 ML annealed VONCc films on HOPG

Deposition of VONc on the HOPG surface causes m@agy spectroscopic
features to appear. In order to disentangle thept®mcongested spectra, the electronic
structure is discussed first in annealed films. Bi§ shows a sequence of TPPE spectra

in terms of final state enerdyna of an annealed 1 ML film of VONc acquired at photo
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energies ranging from 4.04 eV to 4.54 eV. In tllis,f VONc molecules reside on the
HOPG surface predominantly in the oxygen-termind@dip" orientation, as discussed
in Chapter 3. Peaks arising from the highest o@mipiolecular orbital (HOMO), image
states and some highly excited unoccupied stage®eated at approximately 7.5 eV, not
shown here but discussed in Chapter 5. A broadifeas clearly visible near 5 eV,
partially overlapping with the secondary electran-aff (SECO). The intensity of this
feature shows that it appears to be moving ouesbmance at photon energies above 4.3
eV. The shape of this feature and its width of 8%V is uncharacteristically broad for
annealed VONCc/HOPG films, where spectral peaksremee commonly around 150 meV
wide. On closer inspection, it reveals in fact phesence of two close-lying peaks labeled
Lo and L. Using two Gaussian features with widths of 180/nfleg) and 150-170 meV
(L,), a global fit of the TPPE spectra at all covesagad wavelengths investigated was
able to identify the final state energies of bahtéires reliably, despite a certain amount

of spectral overlap between them. The result ddtfgs is shown in Fig. 4.5.
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Figure 4.5. TPPE spectra of 1 ML VONc/HOPG at different exattatenergies. The
colored curves represent global nonlinear leastusgufits of the two features bnd L.
The feature in the topmost spectrum labeled withs*the result of one-photon
photoemission at this wavelength.
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Figure 4.6.Photon dependence of final state energyocdrnd L.

By measuring the slope &na versus the excitation energy as shown in Fig.
4.6, Ly (m=0.99(3)) and L (m = 0.99(3)) are identified as unoccupied statesefbia
HOMO position of -0.81 eV andoland L energies of 0.98 eV and 1.12 &¥ Er, these
peaks can be assigned as molecular Frenkel excitboMONc. They are unlikely to
correspond to molecular anion resonances becaube ofsonant character near 4.13 eV.
As can be seen in Fig. 4.7, comparison with derargtional theory (DFT) calculations
at the unrestricted PBEh level, using the samesisstias specified in Chapter 3 indicates
that Ly and Ly correspond to states with one electron promotetthéo UMO, since no
other states are predicted to be nearby. This yiald optical gap of 1.8 eV, in good

agreement with the bulk optical gap of 1.5%@\The origin of thewo LUMO peaks



143

and L is at present unclear but may result from a serfaduced splitting of the
degenerate LUMO At the photon energies of > 4 eV employed here, dhserved
transition is not HOMO LUMO but corresponds in fact to (HOMO-n) LUMO,
reflecting the substantial density of occupiedestateveral eV below the HOMO. This is

also likely the origin of the resonance enhanceraeakcitation energies below 4.3 eV

v E(eV)

DFT

2.31, b,
119,

081, a,

HOPG VONc

Figure 4.7. Theoretical energy level diagrams for VONc and HOFIe DFT results at
the PBEh level are referenced to the experimen@VB in the 0 ML limit. H: HOMO;
L: LUMO; L+1: LUMO+1. band energies shown most closely represent M paloes
in the HOPG band diagram in Fig 4.4.
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4.3.3 Sub-ML unannealed VONCc films on HOPG
After examination of the origin of the peaks nelae SECO in theannealed

spectra, the interfacial electronic structure ia tinannealed spectra is much easier to
interpret. Figure 4.8 shows three as depositedtiigpeta 0.15 ML film, each taken with
different photon excitation energy. The peak fisamthe SECO region (green and
magenta curves) represent two sets gfahd L; peaks in the as deposited films,
converging to a single set upon annealing. Figugeshows a background subtracted
spectrum comparing the LUMO peaks in an as-depbsited an annealed film. It is
interesting that the splitting between the two s¢isUMO peaks in the as-deposited film
in figure 4.9 is very similar to the splitting betan HOMO peaks in the UPS spectra of
as-deposited films. This taken together with theeobation that the two peaks coalesce
to one upon annealing indicates that different pea&rrespond to molecules with

different orientations.
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Figure 4.8.As-deposited films with 0.15 ML coverage. Specaieen with three different
excitation energies of a) 4.04 eV b) 4.14 eV cBA&Y.
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Figure 4.9.(a) Background-subtracted TPPE spectrum in ghé.Lmanifold of 0.15 ML
VONc on HOPG prior to annealing obtained with a tphoenergy of 4.3 eV. A non-
linear least-squares fit with four different feasiris shown, corresponding tg &nd L
for both "O down" and "O up" orientations, as athgabserved for the HOMO. The peak
splitting for both g and L, between the two orientations is 310 meV, increasm350
meV in the 0 ML limit. (b) Same as (a) after animgglwith only the "O up" component
remaining.

4.3.4 0to 1 ML annealed VONCc thickness progressio

Shown in Fig. 4.10 is a sequence of TPPE specatranioealed films ranging from
0 to 1 ML of VONCc, acquired at excitation energy4of3 eV and displayed in terms of
Ees The SECO arountes 0 eV shifts to progressively higher energies, aating an
increase of the vacuum level with coverage. Thiange arises from the increased
potential stege V at the surface in the presence of an increasesitygeri dipolar VONc
with their O atoms directed towards vacuum, andlascribed quantitatively by the
Topping modéf as discussed in Chapter 3. Note that the Toppiodeinand the model
developed below are predicated on the assumptadrthile intermolecular distance varies

smoothly with coverage, a situation sometimes reteto as "2D gas". This is indeed
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supported by spectroscopic findings for VONc/HOPQGhe HOMO and vacuum level
region, the vacuum level shift of TIOPc/HOBGand spot profile analysis LEED of SnPc
on Ag (111)*

Surprisingly, the intermediate state energy of Lo and L decreases with
coverage between 0 and 1 ML (illustrated in Figdrgl), in contrast to the common
assumption that the molecular electronic structsienaffected by the change in vacuum
level, which would require a shift in the same dii@n as the vacuum level. In Chapter 3,
it was shown that in the case of annealed VONCc¢fililme occupied states shift to
progressively higher binding energies relativeBg in the opposite direction of the
vacuum level. A simple electrostatic model showet in the near-field region at heights
of < 10 A above the surface, depolarization caas&8 meV higher binding energy at 1
ML and hence an increasing ionization energy witkiecage. Remarkably,qland Ly
shift also toward higher binding energy in a simif@anner as the HOMO. The spectra of
the excited state region shown in Fig. 4.10 sugdgiestefore that the excited state
manifold is also stabilized by depolarization, giyifor the first time direct access to the
excited state polarizability and dipole moment af @nterfacial dipolar organic

semiconductor layer.
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Figure 4.10. Thickness-dependent TPPE spectra @fahd L in the range of 0-1 ML.
Displayed in terms of the intermediate state en&gwand acquired at 4.43 eV. The two
gray lines serve to guide the eye.
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Figure 4.11.Diagram illustrating observed direction of shiftvacuum level andd.L;
states with VONc coverage on HOPG.

4.5 Interpretation of LUMO Binding Energy Shifts

A detailed measurement of the intermediate stageggnof Ly as a function of
coverage is shown in Fig. 4.12, showing an oves#dbilization of this state by
approximately 120 meV between 0 and 1 ML. Thisaigér than the observed HOMO
shift, consistent with the notion that excited esatypically have a higher polarizability.

In the limit of low excitation probability, the ietmediate state energies of the "O up

VONCc, E; (7 ), can be fit by a simple phenomenological expressie a function of

coverage (Equation 4.7), derived in what follows amanalogy to the model developed

for the ground state electronic structure of VOMcHOPG in Chapter 3. The field of an

electric point dipole? oriented along (direction k ), calculated at a distanceas given
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by

Ey =— |”1’3 k 4.2
4peyr

The dipole momenin, also oriented along and depolarized in the field of a second,

identical dipole at distanae is obtained as

m= m+azzE0 =m- 3ZZ 43

~ a, . - . .
where a,, :ﬁls the zzcomponent of the polarizability tensor in unitsraf. The
PE

total field from a rectangular lattice of point dip moments, oriented alorzgand with
surface density, can be written in closed form as

_ f/' 3/2
. = m ‘ 4.4

4pe,

with f = 9.03. Using Equation 4.4 in Equation 4.3 gives magnitude of the depolarized
dipole moment in the ground statey, in a lattice of identical, molecular ground state
point dipoles 4 oriented along:

-

9s ~ 4, =0sf, 32
1+a;fr

4.5

where the vectorial notation was dropped for coreree.
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In the limit of low excitation probability and tarét order, the presence of a very
small number of excited states does not altge The impact of the lattice of
predominantly ground state dipole moments on theoldeized excited state dipole
momentmgs can thus be calculated using Equation 4.3 for>anitexl state point dipole
and (Eqgns. 4.4 - 4.5) to express the field origngafrom the ground state dipole moment
lattice, resulting in

32 afra’m

- ~es -
My = M- a, fmgsrgs =Ms- 1+§gs fr 3/2 4.6
zz ' gs

where ~57 and & ¥ are thezzcomponents of the ground and excited state palaitizy

zz

tensors, respectively. In accordance with our ecglirmodel in the ground state

manifold, this suggests that in an annealed filralbfO up" VONc molecules the energy

Ejj( gs) of the first excited statesland Ly can be expressed by

~esg 3/2
f g

ES;( gs): (EES + DEe:s”b)_l_ Eg,;;”b _es _ zz

down ~gs¢ 3/2
gs 1+ zzf gs

4.7

where ES is the intermediate state energy of the “O downrifiguration of VONC,

down

2 E},, =034 eV and2 E7, = 0.35 eV are the ground- and excited state energy

~gs
zz

splitting between "O down" and "O up" in the absemé depolarization an

3.4(11)-10°®* m* and 4= 2.7(4) D. Note that this model implicitly incles effects from

image stabilization at the interfacee. polarizabilities and dipole moments will be
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different from bulk VONCc values.

A non-linear least-squares fit shown in Fig 4.18l96 ~% = 6.1(6)-10°® n’,

larger than the ground state vaflf§ and resulting in a polarizability change ofi,,=
2.7(13)-10® m®. In addition, s = 2.7(1) D, indicating a negligible change of deo
moment upon excitation. This is consistent with @enexcited state DFT calculations
and agrees also with the nearly identical splittiegween "O down" and "O up" peaks

for the HOMO and in thedand L manifold (310 meV at 0.15 ML, as expected, slightly
smaller than2 E? , obtained from the fit; see figure 4.9). The dedekd dipole
moments at 1 MLimys = 1.66 D andnes = 0.89 D, are however quite different due to the

substantial difference of polarizability in grourehd excited states. This indicates a

considerable change in molecular electronic stredtuthe VONCc film upon excitation.
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Figure 4.12.a) Thickness dependence of the ibtermediate state energy and nonlinear
least-squares fit by Equation 4.7 in red, yield&@§ = 6.1(6) " 10®m® and =2.7(1) D.
b) Near-field electrostatic model in the low-extiga density limit, with the potential

measured as a function of coverage in the neat &eR.7 A at an excited molecule (red)
and at a ground state molecule (blue). Matlab te®deAppendix A.

Equation 4.7 carries the hallmarks of depolarizatmd is related to a similar
expression derived for the HOMO,; its physical ariies in the effects of depolarization

in the near-field region, where the diminished tBponoments generate an overall
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decreased local electrostatic potential and henleegar binding energy of the excited
state. Consequently, the intermediate state enBggyof Lo, and L decreases with
coverage.

This situation is closely related to the Muscat-Newnodel of alkali atom
chemisorption, level broadening and dipole depméion’®® It can be modeled in a
straightforward manner by calculating the electatistpotential of a rectangular array of
polarizable point dipoles, as already discusse@hapter 3. Fig. 4.12b) (red line) shows
the resulting electrostatic potential in the neealdf of an excited VONc molecule at=

2.7 A above the surface as a function of coveraggyuming that only a small fraction of

all the VONc molecules are in the excited statéhvaitpolarizabilityass and a dipole

moment s While the remainder is in the ground state wWatff and 4 (blue line shows

electrostatic potential in the near field of a grdwstate VONc molecule). Given typical
pulse energies of 180 pJ, a spot diameter of appaigly 150 m and an extinction
coefficient of 1215 Mcm™ at 275 nm, we estimate at 1 ML that no more tham 10°
molecules are excited per pulse, justifying theuagsgion of high dilution in Equation
4.7. These molecules are randomly distributed antioed/ ONc molecules on the surface
and the potential including depolarization is cidted at an excited molecule as a
function of coverage (Matlab code included in ApgignA). As can be seen in Figure
4.12b), the resulting curve agrees well with thepesimental fit to Equation 4.7,
consistent with the notion that depolarization doeteed lead to a lower near-field

potential and hence stabilization of the excitedtest of "O up"-oriented VONCc
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molecules. Figure 4.13 shows the calculated cotedgaear field potential at 1 ML

coverage as a function of x-y position on the sigfavith equal spacing between VONc
molecules. The high points in the corrugated paaebrrespond with the locations of
molecular centers. The resulting potential is higltemolecular centers of ground state
molecules than at the molecular centers of excitate molecules as a result of the

different ground and excited state polarizabilitgut.

A ground state molecule excited state molecule

Electrostatic Potential (V)

Figure 4.13.Calculated near-field potential as a function of gpesition on the HOPG
surface with 1 ML VONc coverage. Peaks in potert@krespond to molecular centers.
Molecular centers with higher electrostatic potntmaxima correspond to a
polarizability of 3.4-1° m® (ground state), and molecular centers with lower
electrostatic potential maxima correspond to poédaility of 6.1-10°® m* (excited state).
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Several possible alternative models for thg L; intermediate state energy
changes can be excluded. Most commonly in phottyelespectroscopy, bands shift at
increased densities because of increased polamnzatiergies at higher coverages; such a
shift, induced by an increased density of neighigprmolecules, would however lead to
an overall increase of the kinetic energy and hemegmediate state energy, contrary to
our observations. Decreased photohole screeninghbymetal surface, frequently
observed when increasing thickness, stabilizesliserved peak; all spectra shown here
fall however into the 0 — 1 ML range, where suchediect is not expected. Finally,
simple solid-state solvation of the exciton is mapable of explaining the observed
coverage dependence eithEtas will be explained next. To model solid stateation,
the energy of an excited state dipole in the preseri a second, parallel ground state

dipole moment at a distances shifted by

E= gs 48
4 ,rd
where = - and is the dielectric constant of the organic semicataiu For a

complete lattice of parallel "O up" dipole momereffects of depolarization need to be

included. Using the ideas developed in Eqns. £2€ehn. 4.8 is modified to

(mes' mgs)mgsf géz 4.9
4 0

E=

The dielectric constant at an interface with orgadiorganic molecules is given by
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=B o+ 78 ¥2 4.10

zz gs
mgs

Combining Eqgns. 4.5, 4.6 and 4.10 in the limit @ivliexcitation probability transforms
Eqn. 4.8 after rearranging into the following e)xgsien:

~gs 3/2)_ ( ~es 3/2)] 3/2
_ [ es(1+ zzf gs gs 1+ zzf gs gsf gs

I TS T

This model was used to explore the coverage deperdaf Ly and Ly energies. As can

be seen in Fig. 4.14, a reasonable fit is obtaihesvever with an unphysically large
excited state polarizabilit * = 3.3-10°® m’. This is 100 times larger than the ground

state polarizability and approximately 10 timesgér than comparable organic
semiconductors such as pentacene, oligomeric peeeydinylenes and porphyrine

derivatives-***3|f depolarization of the excited state is excludiein Equation 4.11 or
the excited state polarizabilitg;; is fixed to the experimental value determined from

Equation 4.7, the resulting fit is poor and an sesoee dipole moment of almost -70 D is
obtained. The fundamental reason for the failuretlu6 model to describe the
stabilization of Iy and Ly in VONC lies in the modest ground state dipole rantrand the

large intermolecular spacing, in itself determirtad the large molecular diameter of

approximately 17 &?
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Figure 4.14 Non-linear least squares fit of [peak positions for 0 — 1 ML coverage
using the solid state solvation model. Solid reae:li Full model as represented by
Equation 4.11. Dashed blue line: Equation 4.11 euithexcited state depolarization or

~

with fixed 3%= 6.1(6)-10°° m®. The latter two situations lead to essentially

zz

indistinguishable fits.

This model vyields highly unphysical excited statelapzability and dipole
moment values. The large number of coverages imatstl for this dipolar
semiconductor permit us to discriminate therefagveen different interpretations of the
observed exciton stabilization and to present aate qualitatively different from the
trends observed in multilayer film&’

The experimental excited state polarizability pesnai simple first-order estimate

of the exciton radiusyc = 5 A based on Equation 4.1, assuming #htis the dominant

component in the polarizability tensor. With a noolar diameter of approximately 17 A,
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this value forryc suggests that the excited state is localized caeiglen the molecule.
Given the weak lateral interactions between neighgoVONc, expected from the
absence of valence band dispersion parallel tsufface in phthalocyaniné®jow-lying
excited electrons are anticipated to be largelglined on an individual molecule. This is

in agreement with the present estimatexef

4.6 Conclusion

In conclusion, in this chapter it was shown that élxcited state polarizability and
dipole moment can be measured in annealed 0 — TilMk of VONc on HOPG. The
polarizability increases substantially upon exatatof the large heterocycle, indicating
that strong local electric fields present at irdedls significantly alter the molecular
electronic structure, with potential impact on rfdeial charge-transfer dynamics.
Electron transfer between close lying electron daarad acceptor energy levels could
either become enhanced or detuned due to energl shifts caused by depolarization
effects as a function of dipole density. In the ommchapters, such effects will be
explored in the case of electron transfer betweemt= 1 image state of HOPG and a

close lying anion state of VONC.
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CHAPTER 5

EXAMINATION OF THE IMAGE STATE OF HIGHLY ORDERED PROLITIC
GRAPHITE UPON VANADYL NAPHTHALOCYANINE ADSORPTION

5.1 Introduction

In Chapter 3, the evolution of the ground statelipblar VONc molecules at the
interface with HOPG, a weakly interacting substratas investigated. The HOMO was
found to shift to higher binding energies as a fiomcof surface coverage. This shift was
in the opposite direction of the vacuum level shiftsulting in an altered VONCc
ionization energy with coverage. This effect waplakxed by depolarization with
increased dipole density on the surface. In Chagtehis investigation was expanded
using the TPPE technique in order to gain undedstgnof the evolution of an excited
state. Again, similar behavior was observed fos 8tate, although the magnitude of the
binding energy shift was even greater than thahefHOMO. From these studies, both
ground and excited state polarizabilities of VONt HOPG were obtained. In both
chapters 3 and 4, exclusively molecular states@N¥ at the interface with HOPG were
studied. In this chapter, | extend these invesbgatto examine the image state of
HOPG. Image states at the interface of a condustiviace and a molecular thin film are
particularly interesting, since the molecular stiwe may greatly influence the properties
of the image potential.

Theoretical work by Rous based on the Newns-Anderswmdel suggests
considerable enhancement for excitation of image-ktates in the event of near-

resonance between molecular affinity levels andrtrage staté'>*®This idea has been
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pursued experimentally by several groups: Ertl andiorkers!’ adsorbed Xe spacer
layers on Cu(111) to modify the image state bindingrgy and hence couple the image
state more effectively to the affinity level of tlsebsequently deposited,,Qwith the
result that the image state lifetime decreased intreasing number of Xe spacer layers;
these findings are also in agreement with electaattering efficiencies for {on several
low-index surfaces of A{® Jensen applied the Rous model to rationalize
photodissociation product state distributions of;BHand CHI on ann-alkane-covered
Cu(110) surfacé® a key step was identified to be the dissociatieeteon attachment
mediated by an image state. Camill@tel*° suggested that energy partitioning in the
photodissociation of C§Br on GaAs(001) depends on the ion lifetime atdhdace and

is mediated by the position of the molecular af§inievel. In all these cases, near-
resonance between an image state and the affavg} bf a diatomic or small polyatomic
molecule has been invoked as a critical componentuhderstanding the chemical
physics at the surface. However, the influence adraplex molecular system with many
different affinity levels which may depend ratheb#y on the thin film organization has
not been investigated. Yet this situation has diraplications for a quantitative theory of
photoinduced electron transfer at the metal/orgaamiconductor interface.

In this chapter, experimental evidence of imageesttabilization in the presence
of a continuously adjustable electric field estsitid in organized sub-monolayer films
of dipolar vanadyl naphthalocyanine on HOPG is gmésd and a model to describe this
process quantitatively is developed. It will be destrated that the local electrostatic

potential can be used to manipulate the interfacpaipling between image states and
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affinity levels in a complex organic dipolar molézusuch as VONc. Progressively
moving molecular affinity levels out of resonanciéimthe HOPG image state affects the
electron-transfer cross-sectitfi'® The results suggest that the local electrostatic
environment has a direct impact on the chargedfieandynamics at the organic

semiconductor/electrode interface.

5.2 Materials and Methods

All materials used and methods employed were #mesas those presented in

section 4.2.

5.3 Spectroscopy of Bare HOPG Surface

To understand the influence of a molecular adsertmat the HOPG image
potential state, this state must first be examimethe absence of an adsorbate. TPPE
spectra of bare HOPG were presented in sectionAé.8eported in the last chapter, two
unoccupied states were identified: i) thestate and ii) then = 1 image state. The=1
image state was fit with a Voigt peak containingGaussian FWHM fixed to the
resolution of the analyzer and a Lorentzian compbneaking up the remainder of the

peak width. This fit resulted in a total FWHM of@ eV as shown in Figure 5.1.
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Figure 5.1.Fit to bare HOPG image state peak obtained at sophenergy of 4.04 eV.
The blue line is a Voigt peak with 120 meV FWHMethlack line is an exponential
decay background, and the red line is the total fit

5.4 Spectroscopy of HOPG with Addition of VONc

As discussed earlier, the image state is a versitban indicator of the
electrostatic environment at the surface. For thason, the image state was monitored
closely as VONc molecules were successively addetthé HOPG surface. In Figure
5.2a),the bare HOPG image state region acquired withaophenergy of 4.04 eV is
compared to the same region with the addition BiLIVONCc after annealingin order to
further analyze the spectrum, the data were fisskfround subtracted by removing the

bare HOPG spectrum in regions where no peaks aghesnd to link the low energy and
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high energy sides of the background via an expaaleti¢cay in the region where the
image state obstructed the clean HOPG backgrdui@PE spectrum of one monolayer
VONCc on HOPG before and after background subtragishown in Figure 5.2Jsing a
self-consistent global fitting routine involvingl &xcitation wavelengths and coverages
in the range of 0 — 1.7 ML, the 1 ML spectra olbdinvith six different photon excitation
energies could be reliably decomposed into sewkffarent features (Figure 5.3a)). By
measuring the slope of final state energy of eadkps. photon energy (Figure 5.3b)),
the features in Figure 5.3a) could be assignedsd features were labeled,HS1, 1S2,

L, and Ls.
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Figure 5.2.a) TPPE of bare HOPG image state (gray), 1 ML VON¢&HOPG (red) and
background (dashed green) b) 1 ML VONc on HOPG afiekground subtraction. All
scans in a) and b) acquired at photon energy df @\
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Figure 5.3.a) High final state energy side of TPPE spectra of L WDNc on HOPG
obtained with several different photon excitatioremgies (indicated on the right side of
plot). b) Final state energy dependence on photon energyefaks H, L,, L3, IS1 and
IS2 in the 1.0 ML film. The inset shows the expdcttope for photoemission from
occupied (2h ) and unoccupied statesh( ).
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L, and L;, with slopes of 0.98(1) and 1.04(1), respectivalyiginate from

unoccupied states and are likely due to excit@escribed in chapter 2) with energies
Eunoce= 2.81 eV and 3.02 eV abot at 1 ML. H,, with a slope of 2.0(1) and an energy
of Eqcc = -0.89 eWs.Er at 1 ML, corresponds to the occupied HOMO of VOMNK. and
IS2 with slopes of 1.04(2) and 0.99(1) also resigarly from photoemission out of
unoccupied leveldrigure 5.4a)acquired at a photon energy of 4.04 eV, shows itje h
final state energy side of a TPPE spectrum of arealed 1 ML film of VONc on HOPG
with all of the features labeled. This spectruraiiswn in terms of both final state energy
Esinas @nd binding energls. Note that as the only occupied level observedimspectral

region, the “binding energy” for Hn this figure corresponds in fact to the internageli

state energy after absorption of one photon; ue tsinding energy relative to vacuum
(ionization energy) is obtained by addihg to the value shown in the figur8ince H
was identified as the HOMO, an asymmetric peak shaps used in all spectral fits
representing the vibrational envelope of this béseg chapter 3). Figure 5.4b) shows the
resulting energy level diagram in comparison to Dfalculations using NWChéthat
the unrestricted PBEh level. The two states thitrepresent the focus of the remainder

of this chapter are IS1 and 1S2.



168

Intensity

6.5l o I7.Ol o l7.l5l - l8.[0
Final State Energy above E. (eV)

b) E (eV)

54— — _EVL

. -_ IS2
e S 1
3 e L,

_L2

2-

15— 1 Jesecog)

) =~sesssssssssssss E

F

_1-

esssssssssssss HOMO

Figure 5.4.a) Background-subtracted TPPE spectrum of the tiigh state energy/low
binding energy region of 1 ML VONc on HOPG, excitad4.04 eV. The binding energy

is referenced to the global vacuum level/SECO. grgy level diagram for the VONCc
features observed in the TPPE spectra.
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IS1 and IS2 appear as image-like states, states with a significant but not
necessarily exclusive contribution from the HOPGag®m state. These states cannot be
excited directly from the VONc ground state witlvesal of the excitation energies used,
sothey are not associated with molecular excitonphéton energy of at least 4.3 eV is
necessary to excite from the HOMO (0.89 eV belgy to I1S1 or I1S2 (3.4 or 3.7 eV
aboveEr). However, IS1 and IS2 are observed at all phetmrgies between 4.0 and 4.5
eV, and they are therefore associated with excratif HOPG, in agreement with the
assignment as image-derived states. Further sufgedhis identi cation comes from the
dependence of the intensity of the various peakshenpolarization of the incident
electromagnetic wave, shown iRigure 5.5 IS1 and 1S2 are almost completely
extinguished ins-polarization, indicating that both features hawsymmetry at the
surface, consistent with the assignment as imageede states. The weak residual

intensity is likely due to the contribution frometitvONc anion state.
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Figure 5.5.Polarization-dependence of the high final stateggheegion TPPE spectrum
of a2 ML film at 4.43 eV.

A sequence of spectra of annealed Ims rangingowecage from clean HOPG to
1.0 ML VONc on HOPG and excited at photon energ¢.6# eV is shown ifrig. 5.6
The spectra are scaled by aligning their backgreuasl shown in Fig 5.2a) to re ect
correctly absolute intensities. Several featurethisf coverage-series are interesting: the
global vacuum level, as observed at the secondaggren cut-off around a nal state
energy of 4.5 eV, shifts progressively to higker, with coverage. This is in agreement
the UPS study presented in Chapter 3, indicatiag &#m interface dipole of increasing

size is established within the rst monolay&his was interpreted as the growth of a Im



171

of oriented VONc molecules with the “O up” oriemtet and hence the negative end of

the permanent VONc dipole moment pointing towarel hcuum side of the interface.

*

The intensity of the feature labeled, associated with a ndg- conserving -
transition in clean HOPG, decreases gradually,catdig the formation of a complete
VONCc overlayer. While the absolute intensity of I8inminishes considerably as the
VONCc surface density is increased, IS2 is only @néat higher coverages. This suggests
that 1IS2 cannot be identi ed as the= 2 image state of HOPG. This is also in agreement
with the fact than = 2 was not observed when exciting bare HOPG atoappately 4

ev. 121
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Figure 5.6.0 - 1 ML thickness dependence of the completdedcB8PPE spectrum for

VONCc on HOPG, acquired at 4.04 eV. The gray linEsgl = 4.5 eV serves to guide the
eye and demonstrates the coverage-dependent iaavédise global vacuum level. The
gray line neakE;sna = 7.6 €V is a guide to assess the IS1 positior.high-energy side of

the spectrum is multiplied by a factor of 35 widspect to the low-energy side.

In contrast to the evolution of the vacuum level,opposite trend is apparent for

IS1 and IS2E,a decreaseglearly with coverage, also the case for the femtuy, L,,

Ho, Lz, and Ls. This can be seen more clearly in Fig. 5.7, wheerelose-up of the
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background-subtracted spectra in the image stgterrés shown together with nonlinear

least-squares ts of the spectral features. Theemdar features }iL,, and L grow in

intensity with coverage, consistent with their gesient as VONc-derived molecular

peaks. Careful inspection of the spectra showstkigatnal state energies of fL,, and
L, decrease with coverage lmjffering amounts as expected from depolarization of

molecular states with differing,, Meanwhile, at coverages below 1 ML, mostly only a
singleimage-derived feature is observed (IS1), evolvingpathly from the image state
position of clean HOPG toward lower nal state epemith coverage. The binding
energy of 0.9 eV on clean HOPG identi es this sianitially then = 1 image state of
HOPG*'subsequently modi ed by the VONc overlayer. Judbhel ML, 1IS2 becomes
apparent, with slightly decreasing nal state emesdor higher coverages. 1S2 persists at
coverages above 1 ML but is extinguished beforel2idreached, while IS1 becomes
quite weak above 1 ML. Although these spectra doaflow at rst sight a clear iden-

ti cation of the origin of IS1 and IS2, the covermgvolution of intensity and nal state
energy, with the latter in a direction oppositehe secondary electron cut-off, suggests
that (i) 1IS1 is associated with the= 1 image state of bare HOPG, and (ii) IS2 is an
image-derived state of the VONc-covered surfacevél@r, a more quantitative analysis
of the data, presented in the next section, helpgbh wassigning IS1 and 1S2 more

de nitively.
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Figure 5.7.Image state region of the coverage-dependent baahkd-subtracted TPPE
spectra at 4.04 eV. The colored lines represeatistdsquares spectral decomposition of
the spectra identifying IS1, IS2pH.,, and Ls, using the same peak profiles as in Fig. 5.3

and Fig 5.4.
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5.5 Discussion

The outstanding challenge is to identify the orighhIS1 and IS2 and their
peculiar coverage-dependent behavior. Their phyaieslikely dominated by different
effects, since IS1 is observed mostly at sub-mgeol@overages, while 1S2 appears

largely at 1 ML and above. Therefore each statebeildiscussed separately.

5.5.1 IS1 as a HOPG-derived state

5.5.1.1 Vacuum level pinning

By their nature, image states are pinned to theiwaclevel. However, it is
conceivable that several different vacuum leveisté¥ The notion of a single vacuum
level at sub-monolayer coverages obtained from gbheondary electron cut-off is
somewhat misleading. Therefore, a brief summaryhef growth mode of VONc on
HOPG and its implications for the vacuum level vaé presented before discussing the
IS1 coverage evolution.

Theglobal vacuum level, as measured from the secondary etectrt-off, shows
a continuous increase up to 1 ML, followed by ardase converging back to the vacuum
level of the clean HOPG surface at 2 Nti.chapter 3, the spectroscopic data evidenced a
growth mode of annealed Ims in which VONc growstire rst monolayer with the O-
atom pointing toward the vacuum side of the intefain the “O up” orientation,
followed in the second monolayer by VONc molecufethe “O down” orientation, with
dipole moment pairing as the structural pattdrnis results in a net increase of the

surface dipole from 0 to 1 ML, followed by a gratiteduction to that of clean HOPG in
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the 1-2 ML range. A quantitative evaluation of giebal vacuum level shift showed that
VONCc is strongly depolarized with increasing suefatensity 4, during growth of the
rst monolayer, and that the vacuum level changeadéscribed well by the Topping
model®® This model re ects the fact that the long-rangaumaof the electrostatic eld of
each dipole induces an image dipole with oppositection in neighboring molecules,
ultimately leaving all molecules in the Im with et reduced dipole moment. Hence the
vacuum level increases more slowly with coveraga tmight otherwise be anticipated.
The global vacuum level modeled in this way repneséhe electrostatic potential at
distances much greater than 10 A above the sunfdeae atomistic details are no longer
sensed and a laterally uniform potential is esshbiif’ The height at which the far- eld
is established is determined ultimately by thermtecular spacing in a close-packed
Im, 17 A for VONc.®”® Growth of islands is not compatible with these aniter
spectroscopic observations and VONc most likelywgran a “2D-gas-like” fashion
instead. This implies that the average intermobacudlistance decreases with surface
density.However, the concept of a 2D-gas may be somewhsleading in that the time-
scale for VONc motion on the surface is likely mlehger than any electronic processes
such as photoexcitation and ionization. Given thfemnt timescales, it is helpful to
consider a stationary average in which the VONcetues avoid each other in such a
con guration so as to cover the maximum surface aneailable.

The TPPE spectra at submonolayer coverages arng dolhsistent with this

interpretation: If a VONc image state can be excciig TPPE, island-growth would result

in the observation of two image state peaks, bath wed nal state energies and with
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intensities that change in opposite directions. Teieimage state would originate from
bare HOPG patches, with a nal state energy ofitiege state on clean HOPG and with
decreasing intensity as the VONc coverage is ise@athe second image state,
associated with VONc islands, would appear withffer@nt, xed nal state energy, and
with increasing intensity with coverage. This typebehavior has been reported for a
variety of different system'$>'#but is inconsistent with the observations of VONT o
HOPG: As shown irFig. 5.7 at coverages below 1 ML a single image-deriveduiie
IS1 is observed, shifting progressively to loweralrstate energies and decreasing in
intensity.

While a rst analysis involves the global vacuunvdg as de ned above, it is
important to remember that image states are seasiithelocal vacuum levef?%123126
Such a local vacuum level might be that of the B4@#PG, particularly given the large
intermolecular distances at low coverages. Theeatamight be argued that the apparent
shift of IS1 binding energy can be understood eltiby a steady increase of the global
vacuum level owing to increased coverage, whileltical vacuum level remains xed.
The binding energy of such a HOPG image stateivela the true HOPG VL, would
not change, with a net effect of an apparent irsgea IS1 binding energy relative to the
global vacuum level. Moreover, if IS1 were a pur®RG image state, the intensity
would be expected to decrease with coverage,@sserved in Fig. 5.6. The effect of dif-
ferent local and global vacuum levels on the appgaiage state binding energy has
already been observed for submonolayer coveragesaphthalene and pyridine on

Cu(111)*¥’
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In Fig. 5.8a)the global vacuum level is plotted as a functiorcaverage, obtained
from a t of the Topping equation (Chapter 3) tile secondary electron cut-off. In
addition to the global vacuum levéligure 5.8a) showthe local HOPG vacuum level
above bare HOPG regions, which stays constant gaotrerage. To identify if IS1 is
pinned to either of these vacuum levels, the bipainergy evolution versus the global
(Fig. 5.8b)) and versus the local HOPG vacuum le(€lg. 5.8c)) was determined.
Clearly, in both cases the binding energy increagts coverage, indicating that IS1 is
not pinned to either of these vacuum levels. THesceis also visiblan Fig. 5.6 where
IS1 evolves toward loweE;,, while the secondary electron cut-off moves to &igh
energies. Again, this is consistent with the abseasfdsland-growth and suggests that a

gualitatively different explanation for the origif IS1 is needed.
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Figure 5.8.a) Global vacuum level obtained from Topping emunafit to the secondary
electron cut-off (Chapter 3), and local HOPG vaculevel, derived from the work
function of clean HOPG. b) Coverage-dependent IBtibhg energy (BE)vs global

vacuum level. c) Coverage-dependent IS1 bindingggnes. the HOPG vacuum level.

VL: vacuum level.
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5.5.1.2. Depolarization in the af nity manifold

Assignment of IS1 as a VONc-screened image stali&ely incorrect: At low
coverages and in the absence of quantum well foomat which the electron is confined
to the adsorbate conduction band quantized by dedary conditions of a 2D filrff®
screening by the dielectric layer typically dimims the binding energy and hence
increasedhe nal state energy of the image electron abnedielectric island. Quantum
well formation can lead to a decrease in bindingrgy with coverage, but a binding
energy shift would not occur at the sub-ML to MLvecage. In quantum well formation,
the binding energy decrease is associated witraagehin the perpendicular momentum
of the electrons detected which only changes ifatisorbate thickness in thalirection
is increasedle. by adding a second or third ML. Instead, 1S1 shifintinuously to lower
nal state energies at sub-ML coverage. The deer@adS1 intensity with coverage and
the gradual shift in nal state energy, startingtla¢ bare HOPG image state energy,
strongly suggest that 1S1 originates from bare HOPGwever the addition of the
dipolar VONc molecules to the HOPG surface altehe tHOPG image state
fundamentally in such a way that it is no longemgid to the local HOPG vacuum level.
A possible role of a molecular dipole moment onrthture of an image state has recently
been reported: The group of Zhu and co-wor¥&showedthat an image state could be
localized by a 4 x 4 dipolar lattice ofs€on Cu(111), where the dipole moment stems
from partial charge-transfer from Cu togoC This observation, although at rst
reminiscent of the situation of IS1, is fundamdgtglite different: The negative charge

in the superlattice con nes and localizes the imatpte electron in a potential-well
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betweenthe partially negative  molecules as is visible frorBrillouin zone back

folding and unusual dispersion. For VONc, con nemnby the dipolar lattice as in the
case of G on Cu(111) would result in a narrowing of the poi-well as coverage is
increased, and hence increase the nal state epneogyrary to our observations.

Instead we propose that the extended dipolar VQGittcé helps form a hybrid
HOPG image state/VONc anion resonance, where then astate is subject to
depolarization. In Chapter 3, it was discussed degblarization does not just affect the
global vacuum level,e., the electrostatic potential in the far- eld, balso the potential
much closer to the dipolar layer in thear- eld region.Moreover, unlike the far- eld
potential, this potential is not yet uniform acrdlss surface and is strongly concentrated
around the location of the dipole moment. Depoddran in the near- eld leads to clearly
observable shifts of the VONc HOMO and excitedestatith coveragé/hile the far-
eld potential increases with coverage due to atreaased surface density of molecular
dipoles, the near-eld potential decreases: Depmdéion slowly diminishes the
molecular dipole moment, thereby stabilizing eatzteswith respect to the Fermi level.
In order to model this effect, we calculated elestatic potentials in a lattice of
polarizable point dipoles at all heights above sh&face and for all locations across the
surface. This simple electrostatic model was ableproduce the effect of depolarization
on the molecular energy levels, giving experimeataless to the molecular polarizability
and dipole moment components perpendicular to thiase for each of the observed
statesln the case of VONCc, the excited state polarizgbiif the rst few unoccupied

levels was found to be almost twice as large asdhéhe HOMO, while the excited



182

state dipole moment changed only by a negligiblewamrelative to the ground state at
the zero coverage limit (see chapter @¢polarization is of course expected to affect
anion states as well, with polarizabilities andatgomoments that may differ in principle
from those of the neutral states.

If IS1 is indeed a hybrid HOPG image state/VONcoaniresonance, neither
pinned to the global nor the local HOPG vacuumllene with a nal state energy that is
strongly in uenced by VONc coverage, depolarizatafrthe coupled af nity level would
directly affect the hybrid state and lead to a ¢geam energy. Therefore, we t the
electrostatic near- eld depolarization model, imuged in Chapter 3 and modified for

excited states in Chapter 4, to the IS1 intermediad nal state energwhere

312
a ;151 fr dip 51

E
3/2
1+ fazz,Ordip

int ermediate H

a s is the zzcomponent of the polarizability associated with thelecular affinity

level to which IS1 is coupled,,,is thezzcomponent of the ground state polarizability,

zz,0

and r 4, is the dipole density. Intermediate state enesgyé energy of IS1 with respect

to E;, the appropriate scale for investigating depodian of themolecularcomponent

of this state. The result of this procedure is shanwFig 5.9, giving a reasonable t and

yielding a zzcomponent of the polarizability tensor for the Hgb
statea ,, ., = 82(LOX10*°m°, approximately 2.5 times larger thag,. This is in

agreement with the expectation of higher polari#gifior an anion and accounts for the

IS1 stabilization as a function of coverage by agpnately 170 meV with respect to
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E-. Strictly speaking, the measured polarizabilityrtp@s to the hybrid HOPG
image/VONCc anion state; the nature of depolarizaéind its interpretation in terms of a
decrease of the much more local and hence molecdar- eld potential suggests,
however, that it is in fact the molecular af nitgel that is stabilized and that,, s, is
dominated by the contribution from the af nity ldv@his will be addressed further in

Chapter 6.

Figure 5.9. Fit of intermediate-(left axis)/final-state (riglaxis) energy of IS1vs.
coverage based on near-field depolarization of Egfliation 5.1.
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The fact that the intensity of the IS1 spectraktdea decreases with increasing
coverage Kig. 5.6)is consistent with its assignment as a HOPG-dériwgbrid image
state/molecular resonance as suggested by thislnidaesharp and narrow image state
feature on clean HOPG rapidly loses intensity andarely detectable near 1 ML as the
af nity level moves out of resonance. Furthermdtes area of bare HOPG at coverages
approaching 1 ML VONc is also strongly diminishedkcreasing the likelihood of
exciting a HOPG image state.

This model predicts that annealed VONc Ims, witketoverriding majority of
VONCc in the “O up” con guration, show different 1Sdnergies than unannealed Ims,
where the surface arrangement of the moleculesoi® momplex and depolarization is
weaker As can be seen iRig. 5.10,this is the case for a 1 ML Im of VONCc. Prior to
annealing, a relatively sharp image state featueeshightly lower nal state energy than
that of clean HOPG can be seen clearly. Upon amugdhis feature shifts progressively
to lower nal state energies. During the annealipgpcess the VONc molecules,
originally present in many different orientatiors \aell as likely in multilayer features,
convert to a Im of “O up” VONc molecules, therelsgabilizing the IS1 by depolar-
ization. This observation is not re ective of refination of the VONc molecules during
the annealing progress, as can be seen by thdylargestant intensity of the HOMO
(Hp) and excited state features,(lLs) characteristic of VONc. The spectrum of the
molecular features @ L., L3) shifts and changes upon annealing also, as “Ontlow
VONCc molecules are converted to “O up”, as alreagborted in chapters 3 and 4 for the

HOMO and lg, L; features.
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Figure 5.10.High final state energy region of background-satied TPPE spectrum for

1 ML VONc on HOPG, acquired at 4.04 eV as a fumctid annealing time. The colored

line represents a least-squares spectral fit of ISL shifts to lower final-state energies.
The molecular peaks @HL,, L3) increase in intensity and shift, characteristic o
conversion to a film of all “O up” molecules. 65mof annealing is less than the full

annealing time used for all other spectra. Thensitg scale is adjusted between the
different panels for clarity, since IS1 weakendwéhnealing.

Taken together, these data generate a pictureeokvblution of the electronic
structure at the interface of a dipolar organicisenductor in the image state region. IS1

morphs from a pure HOPG image state to a hybridh@rstate/molecular resonance in
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the presence of VONc, whose binding energy is medliwith increasing density of
VONCc on the surface. At low coverages, the HOPCGgenstate is near-resonant with the
af nity level, resulting in efficient coupling ofhie two states. The progressive stabi-
lization of the molecular levels by depolarizatigith increasing coverage leads however
to diminished resonance, weakening the couplingvdeh HOPG image state and mo-
lecular affinity level. 1IS1, an image state witlogressively more anion character mixed
in, can no longer be populated effectively from H@PG image state and its intensity is
diminished considerably. This perspective is indjagreement with the model proposed
by Rous and provides spectroscopic support fontt®n of an increased cross-section
for photoinduced anion formation near a resonaritie an image state>'*®indeed, the
image state serves as a very sensitive indicatdhefelectrostatic environment at the

interface with VONCc.

5.5.1.3 Mechanism for HOPG/VONCc electron transfer

The HOPG image state at near resonance with a V@DIMmn state gives an ideal
opportunity to study interfacial charge-transfeneTmechanism of coupling between the
HOPG image state and the VONCc affinity level is mmkn. The most likely pathway is
indirect electron transfer by scattering out of H@PG image state into the affinity level.
This mechanism can easily occur between delocabktates, such as the HOPG image
state, and localized states, such as the VONdtgffewvel due to its incoherent nature. A
second possible mechanism is direct electron eansé a hybridized image state and

affinity level. In order for that mechanism to biicgent, both states must have similar
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dispersion properties. Such hybridization requegbker strong mixing between HOPG
and VONCc states or band formation in the naphtlyaoine to provide sufficient overlap
between the molecular and the delocalized HOPG \iavetions'*° Based on our own
observations and available data on related phtihatoces, band formation has not been
reported in the VONc valence band manifold for tfilms.””*3! In the image state
region, resonant with highly excited anion state¥©ONc, this situation may be quite
different: The much more diffuse excited anion wéwection of the VONc molecules
may get delocalized because of the quasi-peri@dtcée of the “2D-gas”. This (quasi-
)periodicity of the “2D-gas”, controlled by the necllar density on the surface, could
permit coupling of the HOPG image state to the mtiee localized molecular affinity
levels. As a consequence a direct optical tramsitiom the substrate to the delocalized
mixed image/molecular states becomes possible. presence of the near-resonant
affinity level introduces a periodic potential egyercontribution in thexy-surface plane,
leading to additional stabilization of the imagatst This potential energy modulation
increases in magnitude with coverage due to affieNel stabilization by depolarization,
as discussed above. Such a model predicts a siveesslution of 1IS1 towards higher
binding energy by increased stabilization in tkeplane potential, as observed
experimentally. Fig. 5.11a) illustrates this cortdepa cartoon representation.

This situation can be modeled using a 2D-Kronigregnpotential with square
wells, in which a periodic potential with two leseM1 and V2 exists. The potential-well
width with potential V1 is assumed to be the molacdiameter of VONc. This value

can be obtained from an STM report ofN¢ on HOPG as 17 & and is well known
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from phthalocyanines to be largely independentefrnetal center and substréité vi1

is given by the molecular affinity level which issumed to shift by a total of 160 meV
from O to 1 ML. The spacing between the wells wititential V2 can then be directly
derived from the calibrated coverage data assumhiaggthe VONc molecules cover the
HOPG surface by maximally avoiding each other. &iW@ is the potential at the bare
HOPG surface, it does not change with coverage,elewthe barrier widths become
smaller with increasing coverage.

The result of this model is shown in Fig. 5.11MeTKronig-Penney calculations,
with the assumption that the affinity level shifig 160 meV as a result of depolarization,
are in good agreement with the experimental dakten@ing the shape of the potential
well has only a minor influence on the binding gmes over the surface densities of
interest. This robustness of the model towardtieeise shape of the periodic potential
stems from the relatively large width of each wdkfined by the molecular size. The
energy of the image state with respect to the botd each potential well is thus quite
small and largely independent of the well-shapeteNwhat this model also predicts
weakening of IS1 with increasing coverage and Btation during annealing, in the
same way as the pure depolarization model in theigus section. However, the affinity
level shift was determined by fitting the experitandata, and the binding energy
predicted to the Kronig-Penny model is quite simitaV1 which was an experimentally

determined parameter.
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Figure 5.11. a) Cartoon representation of periodic Kronig-Pennmotential and
modification of IS1 by mixing a molecular affinitevel with the image state. Due to
depolarization, the affinity level changes by 168MnEA at higher coverages, making
the well deeper. b) IS1 binding energy, BE (greedes) vs. energies obtained from a
2D-Kronig-Penney potential with well width of 17 fhe molecular diameter.
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Confinement of image states in a Kronig-Penney-typiential has been invoked
previously by a number of groups for stepped meialaces and metal islantf§;***and
by Wolf and coworkers in the case ofHg on Cu(111):? In their model, the image state
electron is partially localizetbetweendifferent molecules in the second ML inside a
potential well created by different electron affies for standing (lower electron affinity,
i.e. higher potential energy) and lying (higher elegctraffinity, i.e. lower potential
energy) benzene molecules. As coverage increases Ir to 2 ML, the well size
decreases, leading again talecreasdn binding energy of the image state, once again
contrary to these observations.

Differentiating between the simple depolarizatioad®l and the (quasi-)periodic
lattice amounts to differentiating between indirestd direct photoinduced electron
transfer. The data presented here do not allownambiguous conclusion as to which of
the two processes dominates. Observations of déectron transfer from the substrate
to molecular anion states are quite rare becaudbkeolocalized character of the wave
function typical of most molecular thin film&® In contrast, population of a molecular
affinity level or molecular resonance has been megoin the past’***However the
unusual properties of the electrostatic environnagrihe interface between VONc and
HOPG and the unusual growth mode of VONc make ssiide at least in principle that
direct photoinduced electron transfer could oceuthis system. Momentum-resolved
measurements presented in Chapter 6 will resolgeisbue conclusively. The unifying
implication of both models is however that the #lestatic environment at the interface

directly impinges on the interfacial electronicusture and the charge-transfer dynamics
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to form a VONc anion.

5.5.2 IS2 as a screened VONc image-derived state

Above 0.6 ML, a second image-derived state begirsppear, displaying also a
somewhat decreasing nal state energy with cove(agg 5.7). Remarkably, the state is
no longer observed with any major intensity at cages above 1.7 ML. It resides at
higher final state energies than the clean HOPGérstate or IS1, and is strongest
around 1 ML. The energy and intensity evolutiori®# with coverage point to its origin
as a VONc-screened image-derived state generatélaeanterface of HOPG with a
monolayer of VONCc. Its emergence only near 1 ML #@#sddisappearance near 2 ML
indicate that it exists only either when patchethvai surface density of 1 ML begin to
appear, or at least, given the 2D gas-like groviti@Nc on HOPG, when the interfacial
environment starts to resemble that of 1 ML VONcH@PG. When measured against
the global vacuum level, 1S2 at 1 ML displays adniig energy of 1.00 eV. This is
considerably larger than the value of 0.85 eVifer1, derived from the simple Rydberg-
like model (Chapter 1). This high binding energggests that I1IS2 is not a pure image
state but instead contains some affinity-level abtar also. While no value of the VONc
electron affinity has been reported so far, invergeotoelectron spectroscopy
measurements on related phthalocyanines suggesthiaanion ground state is not
significantly different from the rst excited statef the neutral molecule, placing the
electron affinity at an estimated 3.3 &7°There are therefore likely further af nity

levels between this value and the vacuum level,imgal contribution to 1S2 by some
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af nity level with a positive electron affinity ligly.
The effect of an af nity level on image states l@en successfully described by

35.136.1375t least for well-de ned Im thicknesses

the dielectric continuum modéCM),
of 0,1,2,... ML. The DCM treats the adsorbate laygraadielectric continuum whose
conduction band or electron af nity modi es the sened image potential inside the
layer. The complete potential is constructed piesewrom the potential inside the

dielectric and the potential outside the dielecffige potential inside the dielectric slab is

given by*®

Ve S 4 €D | ele-1i+2)

+dV.(2)- EA 5.2
lepe,ez 16pee(e+1)(t- z) 1l6pe,e(e+Dti(t + 2)

where the correction terrV. z (is)given by the infinite series

e’z ¥ - 1¥ e-1"
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The following explicit approximation was made fodV,(z from numerical

computation?®
2 2 2 2
N(D) = a+5) In(1+b)-§b-1z—21- 0551- 2 +0301- 2 54
160e, et b 2 t t t
wheﬂvez's;1

e+l



193

z is the distance from the HOPG surfacés the static dielectric constant of VONds
the thickness of the VONc layer, ai\ is the electron affinity. The static dielectric

constant at 1 ML at the interface can be estimatedBy

/7/\ 0

= "0 55
m (rdip)

where m , is the permanent ground state molecular dipole emtmcomponent

perpendicular to the surface amd ( ) is the dipole moment at a particular molecular
surface density g4ip. In the case of the highly oriented thin Im ofpdiar molecules,

m (g differs from m , because of depolarization as discussed earli€€hapter 3, it

is reported thatn ( g¢ip = 1 ML) = 1.7 D and hence = 1.62.An effective dielectric

thickness of 5 A at 1 ML was chosen, in agreemeétt previous estimates.

The potential outside of the dielectric slab isegi\by*?®

_ e é(e-)
dpe,2(e+Dz 16pe,(e+1)(z- t)

V,(2) + Vo (2) 5.6

and the correction terrdv,, z(i9 given by

et ¥ (-D“k e-1° 5.7

OVO(Z)=- 2
(e+)°z ., (kt+2) e+1

and is approximated B3/
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2

-e e In( 2e ) 1
XN (2) = 22t (e*-1D (e+]) 2e+)) 5.8
(2) =
2t +2) 1+ 02221n tz

The potential inside the slab and the potentiasidetthe slab were linearly interpolated
from the boundarie¥;(t-b/2) to V,(t+b/2), whereb = 3 A, so as to generate a continuous
potential from the inside of the dielectric layerthe outside of the dielectric laydihis
procedure and the interpolation parameters chosentave been employed successfully
to investigate energies of image-like states forffethnt dielectrics and
surfaces!’ 128139148 he principal free parameter adjusted in the DCMutations is the
molecular electron affinity, with all other paramet estimated directly from experiment.
Using Equation$.2 — 5.8 the calculated potential energy for 1 ML VONCc asiaction

of distance from the surface is displayed at th&oboof Figure 5.12.

The 1D-Schrédinger equation for the image statthim modi ed potential was

then solved using the Numerov metH8tiThe 1D-Schrodinger equation is

2 2

- dy
2m, dz*

+Vy =Ey 5.9

The Numerov method allows for the 1D-Schrédingaragign to be solved numerically

through the use of a Taylor series expansion. Fonetion f(z) this expansion is

f(2) = f () + f'(@)(z- @), f"(a)(z- )’ . 5.10
1

2
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Let the point wherez © abe z, and the distance- z, ° s (in other wordsz — a = 3.

Replacingz and a in terms ofz, ands, and carrying out the expansion t8 &rder,

Equation 5.10 becomes

f(z,+9= f(z,)+ f'(zn>s+§ F(Z)s" +2 17 (2)s +o. th(z)s B

1
+EOf (z,)s” +
Analogously,
f(z, - s)= f(z,)- f'(z,)s- ;f '(z,)s” - —f '(z,)s® - 4f'V(z )s* 5.12
R

120

Adding Equations 5.11 and 5.12 and neglecting tém= and higher, sincs is very

small, gives

f(z, +5)+ f(z,- 9 » 2F(z,) + f"(z,)s? + 12f'V(z )st 5.13

Rearranging Equation 5.13and setting f,_,° f(z,-s) f,° f(z,), and

foa © f(z, +9)yields
frg » - foy +2F, + £87 +1—12 fivs® 5.14

n

To obtain thef" term in Equation 5.14 in terms df , Equation 5.14 can be multiplied
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by s* andf can be replaced by . Upon dropping the resultirg] term and rearranging

the terms, the resulting equation is obtained

fVs» f 8"+ f s°-2f's? 5.15
Combining Equations 5.14 and 5.15 gives
frg » - fop +2f, + £ +1—12(fn"+1sz +f, 8% - 21s?) 5.16
Returning to the 1D-Schroédinger Equation 5.9, aatranging it in the form
dy* _-2mE- V) 517

dz? 2

- 2m(E- V) dy
2

2
and then substitutin °© , the relationshipd— =Gy is obtained.
z

Substitution of the Schrodinger equatipri’'=Gy into Equation 5.16 and solving for

Y n gives

5 1
2yn 'yn-l+6(Gnynsz)+T2(Gn-yn—lsz) 5.18

y n+l » ]
]_- G Sz
12 ( i )

In order to solve Equation 5.18 for g initial values ofy , and y,, must be

n+l?
estimated. The eigenvalue @) was found by starting witkguess and then revising that

value until the eigenvalue chosen caused the wavetibn to return to zero at largeA
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further requirement for the = 1 eigenvalue was that no nodes be present invéve
function when plotting vs z | experimented with two methods for estimating thitial
values ofy , and y . ,: In the first method, the HOPG surface was represeas an
idealized surface with an infinite potential (havell), so that az £ 0 A, y =0. In this
casey ., =0atz=0 A. Increments of 0.05 A were used $and at the second poiuat,
=0.05 A,y . =0.0001 These initial values resulted in a bare HOPG &rstgte binding
energy eigenvalue of 0.85 eV. Smaller valueg pbetween 0.0001 and O for initializing
¥, left the outcome unaffectedge. the resulting eigenvalue and probability density

maximum were the same, only the normalization factanged. In the second method,
the sames increments were used, but the wave function wliasvatl to penetrate slightly
into the HOPG surface by using a finite potentiadoeV inside of the HOPG from
z=-0.1 Atoz=0 A. Image state wave functions inside the pteggap have a rapidly
decaying amplitude into the bulk. In this cgsge,, was set to zero at= -0.1 A andy
was set to 0.0001 at= -0.05 A. A constant potential of -7 eV was ugee forz = 0 to
~0.5 A, switching toV,(z) when the potential intersected -7 eV. These initaues
resulted in an image state binding energy of 0.90 ia excellent agreement with
experiment. This initialization was used for castidns of IS2 at 1 ML. To calculate the
IS2 binding energy with 1 ML VONc coverage the doling potentials were used to

account for the organic layer: For ~0.5 A to 3.5 AV, (z) (Equation 5.2) was used in

G, forz=6.5 A to 55 AV, (z) (Equation 5.6) was used, and for the region3.5 A to
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6.5 A, a linear extrapolation between the potesiialEquation 5.2 and Equation 5.6 was

used in the form of

V.(t- b/2)- V. (t+b/2)

~ At - 5.19
2(t-b/2)- z(t+b/2) (z- 2{t-b/2)

Vi (2) =V (t- b/2) +

As seen in Figure 5.121,Y|2 approaches zero near= 15 A and the corresponding

eigenvalue (BE) is given in Table 1. This methodeseral and works also far= 2, 3...
eigenvalues by following the same approach, extegt forn = 2, an eigenvalue is
chosen that returns the wave function to 0 at larged introduces one node, for= 3

two nodesetc
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Figure 5.12.1S2 DCM n = 1 probability density (upper panel) and potdrfoa 1 ML
VONCc on HOPG, assuming an electron affinity of 0e8Q IS2 is largely located inside

the molecular layer.

As can be seen imable 5.1 an af nity level with an electron affinity of 0BBeV

reproduces the observed binding energy of 1.00xNmely well.
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Table 5.1.Image state size and estimated affinity level giesrfor 1 ML VONc/HOPG,
obtained from the DCM for two different vacuum l&sce

| F (2 Electron Binding
maximum Affinity (eV) Energy (eV)
(R)
Clean HOPG 2.0 NA 0.90
IS2 1 ML versus global VL 2.7 0.80 1.00
IS2 1 ML versus local VONc VL 2.7 0.74 0.95

The DCM shows that the wave function resides pradantly inside the
dielectric layer, in keeping with a molecular laydgth a positive EA. Estimating the EA
at 3.3 eVA3*1%%he EA value obtained here is quite different.dast, the associated DCM
EA at 1 ML corresponds to an excited level of tHe@N€ anion. The exact nature of such
a high-lying excited anion state is experimentalhknown and is currently difficult to
access computationally because DFT is imprecishifgr lying excitations and VONCc is
too large of a molecule for ab initio methdd3Interestingly, observation of image state
interactions with higher lying affinity levels (rar than the ground state of the VONc
anion) hints at the resonant character of excitatib these interfaces, as predicted by
Rous™*®The HOPG image state and affinity levels appearefguire a degree of
coupling not explicitly built into the DCM. Note @h the DCM can in principle not
account for the presence of multiple EA’s suchraspgesent in organic semiconductors.
The near-resonant character of this interactiomyastg that this complication can indeed
be ignored, as already demonstrated by Wetraj*?’

The question arises whether the global vacuum levidle appropriate reference

level for 1S2, since it is only established in tFe-eld at distances that extend
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considerably beyond the expectation value of 2.forithe n = 1 screened image state
size. In order to shed light on this issue the cage evolution of IS2 was investigated. In
Fig. 5.13b),the 1S2 binding energy is shown relative to tawerage-dependemgiobal
vacuum level, appropriate if IS2 were pinned tofdre eld potential. In Fig 5.13c), IS2
binding energy is shown relative to theed 1 ML global vacuum level, appropriate if
IS2 were indeed pinned to the far- eld potentialloML patches. In both cases, the IS2
binding energy drops by several hundred meV owerctiverage range investigated. This
suggests that neither vacuum level is fully appetder given a maximum probability
density of 2.7 A according to the DCM, the neard ghotential may in fact be more
relevant. This potential is referred to hereafteitreelocal VONc vacuum leveempha-
sizing however its conceptually different charagestablished in the near- eld) from the
global or HOPG vacuum levels (established in thedial).

In order to estimate the energy of this local VOMcuum level, the electrostatic
model is used to calculate as a function of cowethg average near- eld potential above

a layer of polarizable ground state VONc moleculéth m ,= 2.7 D. Based on this

simple estimate, the rst few molecules depositetooHOPG raise the calculated
electrostatic potential by 0.21 V in the near- ells the surface coverage is increased,
depolarization reduces the near- eld potential,stlwausing a reduction in the estimated
local VONc vacuum level. At 1 ML, the VONc molecslare fully depolarized since the
maximum “O up” packing density is reached, and t&&ains pinned to this potential

given its character as a screened 1 ML image-distae.
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Figure 5.13a)shows a comparison of the evolution of all threecuven
levels/potentials discussed, andFig. 5.13d)is displayed the binding energy evolution
of IS2 pinned to the local VONc vacuum level. Déspihe somewhat crude ap-
proximations involved in estimating the local VONacuum level, the I1S2 binding
energy appears relatively constant over the whahge of coverages, suggesting that an
image-derived state in a dipolar lattice is indeethed to the near- eld rather than the
more conventional far- eld potential. The relatiydarge scatter at coverages above 1.5
ML may be expected if domains of varying thicknass formed in this regime.

If the DCM offers a valid perspective, the locatiohthe af nity level at 1 ML
must be reevaluated given a slightly altered IS®linig energy, now with respect to the
local VONc vacuum level. Table 5shows that the difference in EA and the maximum
of | P is rather minor and beyond the resolution of theraximations used. Moreover,
the complex electrostatic potential landscape @& shrface of a layer of dipolar
molecules makes the simple form of the potentiatgy for the image electron and more
generally the treatment of the adsorbate as adtiieleontinuum somewhat dubious. The
DCM most likely gives a reasonable interpretatidntiee high 1S2 binding energy
because of the small energy difference betweenlthtzal and the local VONc vacuum
level at 1 ML, resulting in only minor differencégtween the DCM potential and the
electrostatic potential of the dipolar layer. Whilke approach discussed here is
somewhat simplistic, DCM and near- eld potentiall siffer a rst approximation to the

nature of 1IS2 despite the complexity of the surface
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Figure 5.13.a) Coverage-dependent global vacuum level obtawwed a fit of Topping
equation to the secondary electron cut-off, fixeduum level for 1 ML-like domains,
and local VONc vacuum level calculated from therrfesdd potential of a VONCc film.
Beyond 1 ML, I1S2 is assumed to correspond to theesed image-derived state above 1
ML domains only. b) 1IS2 binding energg coverage-dependent global vacuum level. c)
IS2 binding energys. fixed 1 ML global vacuum level. d) IS2 bindingezgy vs. local
VONCc vacuum level.

5.6 Conclusions

In this chapter, | investigated the interfacialcélenic structure of thin Ims of
VONc on HOPG in the image state manifold. | obsértree formation of two different
image-derived states existing in different coveraggimes. IS1, found predominantly
between 0 and 1 ML, is derived from bare HOPG aigplays a binding energy
increased by the presence of a progressively aiglgilnear-resonant af nity level. This

state constitutes thus an image state/anion hyitldt HOPG image state character and
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offers an excellent model system for interfaciabrge-transfer. In contrast, 1S2 is a
VONCc-screened image-derived state, somewhat stadilby a high-lying af nity level of
VONc and present above 1 ML-like areas in the IBoth coverage evolution and a
simple DCM-based estimate suggest that it is pinieethe near- eld potential of the
VONCc Im due to its substantial probability densitythin the molecular layer.

The oriented VONc molecular dipoles in the thin emed Ims studied
demonstrate the direct impact of interfacial elestiatic elds on the molecular and hence
interfacial electronic structure. Perhaps even momgortantly, these data suggest that
interfacial charge-transfer—observed here in thisgyof electron transfer from HOPG
into VONc—is strongly modulated by the presencsuwth elds. It will be important to
observe the charge-transfer dynamics directly a6 ageto investigate the nature of
dispersion in the spectral region of these hybridgde states. The dispersion properties of
each of these states will be discussed in deptieimext chapter.

These results are fully consistent with the notdrenhanced cross-sections for
anion formation in the case of resonance betweeleaular af nity levels and image
states, as rst proposed theoretically by R51g*The depolarization induced detuning
of the molecular af nity level with the HOPG imagsgate weakens the interaction
between molecule and substrate, decreasing thesityeof IS1 at higher coverage. The
coverage-dependent continuous change of the VONcnaanergy levels permits
therefore for the rst time a detailed observatminthe energy dependence of interfacial
coupling between a large organic semiconductorthedmetal surface. In order to test

this interpretation further, it will be importard tlevelop an accurate theoretical descrip-
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tion of the electron scattering dynamics at inteefabased on a realistic description of

the interfacial environment.
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CHAPTER 6
ANGLE-RESOLVED TWO-PHOTON PHOTOEMISSION OF VANADYL

NAPHTHALOCYANINE ON HIGHLY ORDERED PYROLITIC GRAPHIE:
EXAMINATION OF THE IMAGE STATE

6.1 Introduction

In Chapter 5, it was shown that the image statd@PG undergoes alterations as
the HOPG/vacuum interface is transformed by thetatdof VONc. Careful inspection
of the data indicated that the HOPG image stagxants with a close lying affinity level
of VONc. As the VONc molecular density at the soefancreases, this affinity level, like
the other molecular states of VONc, becomes deigelér This depolarization causes it
to shift to higher binding energies as a functidncoverage and appears to pull the
HOPG image state to higher binding energy with it.

The question of how the HOPG image state and thBld/@ffinity level interact
was left open in chapter 5, but two possibilitiesre presented: i) Electron transfer
occurs from HOPG to VONCc via scattering, or ii) gaton occurs into a single hybrid of
the two states. The research presented in thistahapas designed to help decide
between these possibilities. Each scenario coiscudgh different electron dispersion
properties of the states involved, which can benébthrough the use of angle-resolved
two-photon photoemission (AR-TPPE). In the electsmattering picture, the electron
scatters out of the image state and into an affilevel of VONc. Since scattering
corresponds to an indirect electron transfer, ias necessary for the electron donating
state and electron accepting state wave functoihe tsimilarly dispersive. However, for

direct electron transfer to take place betweernrttage state and an affinity level, or if a
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single image state/affinity level hybrid state asrhed, the dispersion properties must be
similar to get a significant amount of wave funatioverlap. Measurement of the excited
state band structure can therefore help differenti@tween the various charge-transfer
scenarios. Pure image states while bound alongliteetion of the surface normal are
freely dispersive in the plane of the surfacarge effective masse« obtained for 1S1
would point to an indirect charge-transfer pathilevemallme¢ would be more typical of
delocalized image-like states and hence cohereatveebn the HOPG image state and
VONCc anion state.

Additionally, it was shown in the last chapter thgproaching 1 ML coverage a
new state, I1S2, appears. However, it was somewiaear if this state is an image state
hybridizing with VONc molecules or if it is a puamion state that becomes accessible in
the scattering regime due to depolarization. Heaso examine the dispersion properties
of this state to determine whether this state oatgs from an image state or possesses
the properties of a molecular anion. The obseraatifor thin films between 0 and 1
monolayer enable clear differentiation between chleed image states and localized
molecular anion states formed by interfacial chdargesfer in all these cases.

This chapter is organized as follows: Section 6r8sents the experimental
techniques and methods used. Section 6.3 providiesah the image state of the pure
graphite surface, followed by a detailed preseomatif the spectroscopic results upon the
addition of VONc, organized separately around tifeerént species observed at this
interface. Section 6.4 investigates the implicagiohthese results for interfacial charge-

transfer and the chapter concludes with a briefrsarng in section 6.5. In what follows, |
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will show by means of AR-TPPE thgtlS1 contains both a localized anion component
nearly resonant with an image staii¢, that this anion state stabilizes with coverage
consistent with depolarization anil) that IS2 is a mixed image state/affinity level

localizing at 1 ML.

6.2 Materials and Methods

6.2.1 Sample preparation

HOPG was prepared as described in Chapter 3. Ontmma HOPG surface was
obtained, evidenced by a sharp image state pedk MAPE, and a work function of 4.5
eV with UPS, VONc was deposited onto the surfacgeurnhe conditions described in
Chapter 3. Throughout this chapter, coverage feratimealed films is given in terms of
fractions of the full monolayer (ML). The thin fisnwere subsequently annealed
overnight at 150 °C, resulting in a largely islanee film dominated by the “O upf,e.

oxygen-terminated orientation of the flat-lying V@ olecules on the surface.

6.2.2 Two-photon photoemission spectroscopy

The sample was introduced into the photoelectrectspmeter (VG EscaLab MK
II) equipped with an integrated sample heater, alhdpectra were obtained at room
temperature. Each film was first analyzed usinglH8PS (SPECS UVS 10/35, 30
angle of incidence from normal) in order to conficaverage and global vacuum level.
The vacuum level was measured by the procedurénedtin Chapter 3. TPPE was
initiated using the same conditions as describedhapter 4, except that the laser power

was increased to 350 pJ per pulse to compensat¢héotoss of signal due to the
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reduction of the sample bias from -5 V to -3 V & the introduction of an additional

aperture in front of the hemispherical analyzeslerhe lower bias was chosen in order
to prevent electron parallel momentum informatioonf becoming obscured by large
electric fields. The additional aperture was neass$o discriminate between electrons

emitted from the surface with different parallel menta.

6.2.3 Effective mass measurements

Some unoccupied states were found to have a syroigpersive nature. In order
to measure this dispersion, the analyzer acceptangée was restricted to + 1.5°,
resulting in photoelectron signal reduction of etéa of 10. However, this restriction of
the acceptance angle allowed for greater angusatugon. The sample was rotated in its

holder along an axis perpendicular to both theqgyel spectrometer axis and the laser
-1 -1
beam. Angular measurements extended typically kpm-0.1 A to k; = 0.3 A with a

-1
momentum resolution of 0.03 A

The effective mass was determined by measurin@nigellar dependence of the
photoelectron kinetic energy. Singg is conserved upon photoemission, its value was

obtained from

k _\ 2rneEkin 61

| =—————sing

wheremg is the electron mass in vacuuBy, is the kinetic energy of the photoelectron as
it leaves the sample.€. before the -3 V bias has accelerated the elecand) is the

emission angle relative to the surface normal. tdime values obtained fdg in
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Equation 6.2 and fittingin(kj) to a parabola affords the effective mags

2k|I2
E.(k)=E. (0)+—-"— 6.2
kln( ||) kln( )+ Zmeﬁme

6.2.4 Reference energy levels

Several different choices of reference level alevent for (sub-)monolayer films
of VONc on HOPG. The closest connectiorEg, is provided by the final state energy
Efina (Esinal = Ein+ ), wWhich measures the total energy above Fermi levafter light
absorption (see Fig.6.1): As discussed in Chaptephbtoelectrons originating from
occupied levels with enerdy,.c have a final state ener@ina = Eocc +2h Ef, with a
slope of 2 when plottindssna against photon energly , while photoelectrons from
unoccupied states with ener§ynocc have a final state ener®fna = Eunocc+ h  Er,
with a slope of 1 in a plot dE;ny against photon energy. This procedure was used to
assign the origin of the different features obsénvethe TPPE spectra of VONc/HOPG
as shown in Chapters 4 and=6r unoccupied levels, thetermediate state energy the

energy of the state relative Ep.
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Figure 6.1. lllustration of different energy scales, includikimetic energy, final state
energy and intermediate state energy. Electroma fsocupied states (such as HOMO)
are ejected with two photons. Upon population afagupied states (such agdndn =1
image state), electrons are emitted with one photon
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Unlike molecular states, image states are pinndddorzacuum level and several
different vacuum levels can be envisaged at fraatioML coverages of VONc. The
global vacuum leveis obtained from the work function measurementcdiesd above
using the SECO in the photoelectron spectra. ltesmts a lateral long-range average
over both VONc molecules and open HOPG patchessiwden molecules. For the
present studies, the global vacuum level is maisigd to confirm coverage, and is not
relevant as an image state vacuum level referehcil@monolayer coverages: Pure
image states are pinned to tleeal vacuum level?>?*2The local vacuum level is
short-range by nature and corresponds to the e#tatic potential above a locally
uniform area on the surface. A HOPG image statk,aktservable at sub-monolayer
coverages as demonstrated below, is pinned to dbhewn level of bare HOPG (work
function HOPG = 4.48(3) eV), even though the work function asedeined by the

global vacuum level is 200 meV higher with the #&iddi of VONC.

6.3 Results
6.3.1 The image state of bare HOPG

Since a complete analysis of the VONc/HOPG systmuires precise knowledge
of the HOPG image state and its properties, | fival discuss AR-TPPE from the image

state of a clean HOPG surface. As seen in Chaptire5HOPGn = 1 image state was

19,28
observed in single-color TPPE using two Bhotons with energies above 3.96 eV.
The experimentally determined energy of this stBig,.c = 3.57(3) eV, translates to a

binding energy ofEg = 0.91(1) eV. This is a slightly higher binding egye than that
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reported in Chapter 5, and is due to the additioth@ angular restriction of the analyzer
aperture. Reducing the acceptance angle to’£k&8udes electrons with higher parallel
momentum from contributing to the peak at normaission atGC.

A series of full AR-TPPE spectra of bare HOPG aegliat photon energy of
4.04 eV are presented in Figure 6.2a), and the kirggtic energy region of the spectra is
shown in Fig. 6.2b). At  0°, the spectra in Fig 6.2b) show a single dontirieature
with a predominantly Lorentzian peak shape chariatieof then = 1 HOPG image state
with a finite lifetime. This feature is strongly spiersive, developing a somewhat
asymmetric peak shape at larger emission angle§he asymmetric peak shape was
approximated using a split Pearson VIl profile, @alp shape which converges to
Gaussian and Lorentzian limits depending on theehzarameterm. The following
expression describes the Pearson VII profile, usedfits of symmetric image state

peaks:

1
FO) = 1 e X 6.3
[1+ (21/m_ 1)( 0)2]m
hwhn

wherelmaxis the maximum peak heightwhmis the half-width at half-maximunx, is
the peak center, anth is the shape parameter. The Pearson VII profileoines
Lorentzian asm® land Gaussian as® ¥ . For asymmetric peak shapes, the split
Pearson VII was used in which the left and rigldesi of the peak each have an
independenhwhmand m. This asymmetric peak profile was necessary facsp at

large k;;, where thek-dependent DOS and possibly deformations of thetretefield



214

between sample surface and analyzer lead to asyrmrhetadening of dispersive bands.
Fitting the image state feature with this functidime image state dispersion could be
obtained: Fig. 6.3 shows the associated disperziore, yielding an effective masss =
1.05(7). Therefore electrons in this state arergssly free in the plane of the surface, as
expected for an image state. This valuergfis in good agreement with several angle-
resolved inverse photoelectron spectroscopy (AR)PESports, both azimuthally

resolved and domain/orientation-averag&d-*°
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Figure 6.2.a) Bare HOPG full scans obtained with photon enargy.04 eV b) Bare
HOPG spectra showing only high kinetic energy $idm a). Angles between -6 and

-10 degrees were added to the figure from a latper@ment (all other scans were
obtained on same day).
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Figure 6.3.a) Image state peak intensity as a function ofrpemaission angle and final
state energy. b) Dispersion of the 1 image state on clean HOPG. A fit of this cuwe
Equation (2) gives an effective mass of 1.05(7).
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These observations reflect directly on the unocadipegion of the HOPG band
structure. The HOPG surface is azimuthally dis@desince it is not single crystalline.
The resulting angle-resolved spectra are thus gedraver theGM and GK directions as
can be seen in Figure 6.4. It is clear from bamdcsire calculatior§®!*¢**"that the
image state cannot be directly excitedGtwith photon energies around 4 eV (Figure
6.5): The maximum of the-band lies approximately 4 eV beld#, requiring at least
7.5 eV to excite the image state, well outside rdrege of photon energies used here.
Instead, a nok-conserving transition from theband must be involved, most likely in
the vicinity of the K and M points. This is further supported by several othenk-

conserving transitions observed in a number oediffit AR-IPES studies of HOP&"%

Figure 6.4. lllustration of the 1 Brillouin zone of graphite with, , and points
labeled.
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When putting theme of the image state in the context of the differband
structure calculations, the observed free-eleclif@me 1 iS most consistent with a
mid-gap position of the image state: A simple pkstsé model (as discussed in Chapter
1), successfully used to obtain a qualitative exgii@n of the observetys of image
states on several noble metal surfa¢é5*’predictsmss 1 andEs 0.6 eV for image
states far away from band edges. The band structilcalations by Fitton and coworkers
and Tataret al. *®®**find the bottom of the *-band at approximately 7.5 eV abofze,
putting the image state towards the center of tq® gs shown in the combined HOPG
band structure and molecular energy level diagrarig. 6.5. In contrast, Holzwartt
al.**®obtain a *-band minimum at approximately 4.5 eV abdse in close proximity of
the HOPG vacuum level. Within the phase-shift mpttes would place the image state

close to the upper band edge and result in anteffemass deviating frormmes 1, at

variance with our measurements.
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Figure 6.5. Combined molecular energy level diagram for VOMd &alculated HOPG

19,33 .
band structure. The molecular levels (HOMO: ground state;, IL;: First Frenkel
excitonic states; 4, Ls: Second Frenkel excitonic states) are non-disper$ilOPG bands
(IS:n=1image band of pure HOPG; *and *, bands) are strongly dispersive in the

GM and GK directions Eg: Fermi energyEy.: Vacuum level.

Referencing the HOPG band structure, strong dsspelin what was labeled the
* band in Chapter 4 (see also Fig 6.2a)) may beebepl. This feature was identified as
an unoccupied level according to its slope of ~dt®n plotting its final state energy

against photon excitation energy. The spectraltiposof this level is also in agreement
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with that of the * band reported by others using TPBE.However, little to no
dispersion in this band was detected, which furthgaports the occupation of this level
via nonkj-conserving transitions, along with the fact tHae band is not energetically

accessible at the point.

6.3.2 Addition of VONc to HOPG

Fig. 6.6 shows the evolution of the image statéoregf VONc/HOPG and of the
global vacuum level as measured by the secondacyreh cut-off, acquired at a photon
energy of 4.04 eV. At coverages approaching 1 Mhew feature appears, labeled 1S2,
which was previously assigned to a VONc-screeneaharstate from ML-like areas of
VONc on HOPGAIso shown are two excited statesdnd Ls and the HOMO band, the

latter asymmetric due to a vibronic progression.
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Figure 6.6. Overview TPPE spectra obtained at a photon enefgy 03 eV showing
secondary electron cut-off region (left panel) andge state region (right panel) for 0 —
1 ML annealed films of VONc on HOPG. The sharpdeaiat a final state energy around
7.6 eV is the image state-like feature I1S1.

Full spectra of ¥ ML VONc on HOPG are presentedrigure 6.7. On the low
kinetic energy side, the new feature composedcy@nd L; appears due to the addition of
VONCc molecules to the surface (see chapter 4). l@nhigh kinetic energy side, the
image state is barely visible in Figure 6.7, as ithage state intensity has declined
considerably with respect to the low kinetic enefggtures in the spectra. In Fig. 6.8a),
the high kinetic energy/final state energy sideshewn before background subtraction

along with a green line representing the backgroohdcan exponential decay plus
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constant. This empirical procedure was found toesgnt the AR-TPPE spectra of
HOPG well and led to robust fits of spectra at WIDNc coverages and angles
investigated. In Fig. 6.8b) the background-subt@amage state region of AR-TPPE
spectra of a ¥4 ML VONCc film, in polar angle steps of 4° and acquired at a photon

energy of 4.04 eV is shown. The complete sequemsetaken in 2° increments.

Figure 6.7.Full AR-TPPE spectra of ¥4 ML VONc/HOPG, acquiredhyphoton energy
of 4.04 eV. ly, L; indicated with green and magenta, Lz, HOMO, IS, anion peaks
barely visible just above 3 eV.
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Figure 6.8.a) High final state energy side of ¥4 ML VONc on H®Bpectrum before
background subtraction. b) AR-TPPE spectra (opestesi) and spectral fits (green solid
line) of an annealed film of ¥4 ML VONc/HOPG, acepdrwith a photon energy of 4.04
eV. HOMO (red), kL and Lg (grey and dark navy) band positions show no dgperand
their line-shape is unaffected by the emission @ngl dispersive image state (IS, teal)
and a non-dispersive anion state (magenta) aredatscted, forming together the image-
like feature 1S1.
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Compared to the AR-TPPE spectra of clean HOPG @ 6i2b), additional
features at final state energies lower than theyevikke state 1S1 can be observed at all
emission angles. Based on previous UPS and TPRE: take features can be identified

as the VONc HOMO and two excited statesahd Ls.

6.3.2.1 The image state feature IS1
In order to investigate the nature of the IS1 ferthhe intensity, dispersion, and

energy shifts of this peak in annealed films of 0 ML VONc will be the focus of this

section. As can be seen in Figure 6.8b) specipaiats away fromG undergo significant
change over the range of angles investigated. Whdemolecular features HOMO; L
and Lz do not show any dispersion or peak-shape chan§ésappears to undergo at first
somewhat asymmetric broadening; at large polaresngl becomes obvious that it
contains in fact two features, one dispersive ané aon-dispersive. In order to
understand the AR-TPPE spectra more quantitatitieéyspectra were fit in a non-linear
least-squares procedure. For this purpose, andreement with AR-UPS results of the
occupied manifold, the energies of HOMO as welLasnd L; were kept fixed in order
to reflect their localized, molecular nature. Tlath-shape for the HOMO is known from
UPS, consists of a vibronic progression of Voigbfiees with a Huang-Rhys factor of
0.25(5) and was assumed to be independent of aotde . The band shapes for both L
and Lg are well approximated by Voigt profiles, as alreadported in Chapter 3S1
could be decomposed into a non-dispersive or pseriaggakly dispersive Voigt feature

and an asymmetric peak that is strongly dispershse.for the image state on clean
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HOPG, the asymmetry of the dispersive peak was eagltured by a split Pearson VII
profile, symmetric for smalk; and progressively developing stronger asymmetry for
increasingk;. This combined approach was able to fit succegséll AR-TPPE spectra
acquired aall polar angles andll thicknesses between 0 and 1 ML investigated despite
a certain degree of spectral congestion; therdf@aesulting fits represent the outcome
of a global fitting procedure of all acquired spact

The result of these fits for ¥4 ML VONc/HOPG is alsbown in Fig. 6.8b).

_ R
Around C (0 ), the spectra are dominated by the two overlappeagures making up
IS1, with HOMO, L, and L forming a broad set of overlapping peaks at lofiveal state
energy. At largek, IS1 broadens and weakens significantly, slowlyetieping into the

two distinct components, one dispersive and theratbn-dispersive. These two features

do not coincide completely &; = 0 A_l, and the dispersive feature remains somewhat
stronger at all values d. Similar spectra are observed also at ¥2 1 MLthwihe
notable difference that the dispersive feature weakconsiderably and is no longer
visible at 1 ML, while the non-dispersive featuseabserved at all coverages (see Fig.
6.9, 6.10, and 6.11 for AR-TPPE spectra and fit%qf% and 1 ML, respectivelyNote

that although the dispersive feature is indeeceratteak at % ML coverage, spectral fits
at largek; indicate that this feature still contributes t@ thPPE spectra in this region.
Moreover, the intensity of the HOMO,; land Ls increases indeed with coverage, as
expected for molecular features populated direbitytransitions within the molecular

manifold.
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Figure 6.9. AR-TPPE spectra (open circles) and spectral fitegn solid line) of an
annealed film of %2 ML VONc/HOPG, acquired with sopdn energy of 4.04 eV. HOMO
(red), L, and Lz (grey and dark navy) band positions show no dsperand their line-
shape is unaffected by the emission angle. A dispeiimage state (IS, teal) and a non-
dispersive anion state (magenta) are also detefbdeching together the image-like
feature 1S1. A second dispersive image state, (\@@get) is just beginning to appear.
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Figure 6.10. AR-TPPE spectra (open circles) and spectral fitegig solid line) of an
annealed film of % ML VONc/HOPG, acquired with sopdn energy of 4.04 eV. HOMO
(red), L, and Lz (grey and dark navy) band positions show no dsperand their line-
shape is unaffected by the emission angle. A dispeimage state (IS, teal) and a non-
dispersive anion state (magenta) are also detefbdeching together the image-like
feature 1S1. A second dispersive feature, 1S2 éf)chppears on the high kinetic energy
side.
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Figure 6.11. AR-TPPE spectra (open circles) and spectral §tedn solid line) of an
annealed film of 1.00 ML VONCc/HOPG, acquired withphoton energy of 4.04 eV.
HOMO (red), L, and Ls (grey and dark navy) band positions show no dsperand their
line-shape is unaffected by the emission angle.ditgersive image state (IS, teal) is no
longer visible, but the non-dispersive anion stéateagenta) is still detected. The
previously dispersive feature 1S2 (violet) is nader strongly dispersive.

On the basis of the spectral fits of all AR-TPPEdm between 0 and 1 ML

-1
VONCc/HOPG, measured from zone centerkfo 0.3 A’, dispersion curves for the
different spectral features could be obtained. Bi@2 shows the dispersion relationship
for both features contained in IS1 in the ¥ ML fil@ne feature is highly dispersive with

an effective masswi = 1.00(7), while the other feature corresponds targely non-
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dispersive state witingg = 15(12). The immediate implication of this findirgthat 1S1
contains a largely localized feature in combinatiath a state that is delocalized in the
surface plane; given the delocalized state's etiergesition at 3.56 eV aboue: (0.92

eV below the bare HOPG vacuum level) and its effeanasan 1, the latter can be
assigned as the HOPG image state. The largely sjpadive state, with a somewhat
uncertain effective mass due to spectral correlatath the HOPG image state
particularly at low angles, corresponds to an excanion state populated by interfacial
charge-transfer from the HOPG image state. The VBREG system allows therefore
the observation of both the delocalized substratege state, pinned to the clean substrate
vacuum level, and an essentially localized stas®@ated with the VONc anion. Given
the intermediate state energy of 3.54 eV, the stssggned as an anion cannot be due to
direct excitation from the VONc HOMO (0.8 — 0.9 ®¢low Ef), since an excitation

energy of 4.04 eV is insufficient to induce sudhaasition.
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Figure 6.12. Dispersion and estimated effective masseg of anion (magenta) and
image state (teal) for ¥4 ML VONc/HOPG.

The observation of an anionic VONc species impds®sdaries on interfacial
charge-transfer rates and decay rates for botheraad anion state: If interfacial charge-
transfer proceeded at a rate much faster thanwbephoton photoemission process,
observation of predominantly the anion would beeetgd; this is a common observation
for many different system3’*****°Conversely, if the HOPG image state or the anion
decayed rapidly through interband scattering oeril conversion, the anion level
would not be observable.

Further insight is gained by comparing the evoluiwd the energy levels and their

respective dispersion for different coverages betw@ and 1 ML. The evolution of the
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global vacuum level as a function of coverage iswshin Fig. 6.13a), displaying the

behavior characteristic of depolarization. The nmiediate state energi,nocc for the

HOPG image state & = 0 A_l stays almost constant at 3.56 — 3.57 eV alifveas
expected from AR-TPPE of clean HOPG. This indicass the absence of any lateral
guantum confinement effects from decreasing intégmuar distances on the image state
binding energy ag.g.observed for gHg on Cu(111) and Ag islands on Pd(11%)*°
We attribute the lack of quantum confinement irs thystem to the likely possibility that
the image state electrons are delocalized overrlg ganall region even on bare HOPG.
Note that the HOPG image state is no longer obdeavd ML, pointing to the formation

of a high quality 1 ML film of VONc on HOPG.
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Figure 6.13.a) Energies obtained from AR-TPPEkat O Alof HOPG image state (IS),
affinity level (anion) and VONCc-derived image stgt82). Upper panel: Intermediate
state energies measured abd&e Also shown is the evolution of the global vacuum
level. Lower panel: Binding energy measured agaihst global vacuum level (VL),
derived from the secondary electron cut-off. A ds&gion of the relevant vacuum levels
can be found in Chapter 7. The error bars on tleegses are smaller than symbol sizes.
b) Effective mass of HOPG image state, anion andNdQerived image state IS2 as a

function of coverage.
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Meanwhile, the non-dispersive anion component esltoward progressively
lower intermediate state energiEg.c, in agreement with depolarization on teion
level. This conclusion, obtained from complete ARPE spectra, supports the previous
angle-integrated TPPE study and shows clearlyI8ihtcontains both a molecular level
and an image state component.

The evolution ofmg for the various states, obtained from global fit\R-TPPE
spectra at all coverages between 0 and 1 ML, stivaststhe HOPG image state retains an
effective massmss 1 as long as it can be observed (Fig. 6.13b). éfber this
component of IS1 stems from bare HOPG areas amds@ts image state electrons that
are delocalized in the plane of the surface. Ineorid support an image state with
approximately free-electron behavior, the diamefethe bare HOPG surface area must
be at least on the order of a few'®, readily available for average intermolecular
distances in a 2D-gas at coverages below 1 ML aradjieement with the wave function
size estimate above.

In comparison, the anion effective mass stays withe range ofngs = 4 — 15,
well localized at all coverages. The dispersiothed state is minor, leading to large error
bars on the precise value of the estimateg This localization is the hallmark of an
anion state of weakly interacting VONc moleculegspmorted also with the binding

energy somewhat lower than that of the image stdtele both image and anion feature

1
overlap significantly ak; 0O A, their different dispersions lead to distinct teas in

the AR-TPPE spectra, clearly distinguishable ah kijg
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6.3.2.2 The VONc-derived image state 1S2

In annealed films at coverages approaching 1 ML,additional feature 1S2

emerges (as seen in Figs. 6.9-6.11kjat O A_l, converging to a binding energy of
1.02(2) eV against global vacuum levE] (.= 3.66(2) eV) at 1 ML. Careful inspection
of the TPPE spectra shows that this IS2 featufessweakly observable at 2 ML. In
Chapter 5, it was interpreted as arising from aagenstate at the monolayer-covered
VONCc/HOPG surface (VONc-derived image staaeyl described well by a dielectric
continuum modet?® The binding energy, quite high for an image staméses from
mixing with a VONCc affinity levelHowever, the data presented in the last chaptetdco
not rule out the possibility that 1S2 was purely excited VONc anion state. Further
insight into the nature of 1S2 can be gained froR-PPPE spectra and their fits, shown
for ¥2 ML — 1 ML VONCc/HOPG in Fig. 6.9-11. The IS2dture, though quite weak at
coverages below 1 ML, is clearly energetically safel from the HOPG image state and
anion peaks and responsible for the high finalestaiergy tail of the AR-TPPE spectra.
The intermediate state enerynoccevolution of IS2 is shown in Fig. 6.12a).

From fits of the AR-TPPE spectra in Figs. 6.9-11mmaasurement of the 1S2
dispersion is obtained, resulting in an effectivaseme; = 1.1(2) for 1IS2 at %> ML and
mer = 1.2(2) at % ML, indicative of free electron belwavin the surface plane. This
observation confirms the assignment of 1IS2 as ayexlike state. The effective mass is
free-electron like for coverages below 1 ML, bubwh the signature of localization onset

at a coverage of 1 ML withm, @5 (Fig. 6.11). Even thougme 5 indicates an
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electron no longer completely free in the surfala@, M is significantly smaller than
that of anions in organic crystdfs.Thus 1S2 is not a pure anion level. Instead, ti IS
wave function contains contributions from both ¥¥©Nc/HOPG image state and the
anion state. This reasoning is supported by a armaecontinuum model analysis,
assigning 1S2 as a hybrid image state/VONc affitetyel (Chapter 5)IS2 remains a
single feature with a single dispersion behaviotike 1S1, which could be decomposed

into a non-dispersive anion component and thedleetron-like HOPG image state.

6.4 Discussion

The AR-TPPE spectra of VONc/HOPG in the 0 — 1 Mhga shed light on the
subtle interactions at this dipolar organic semétartor interface, uncovering evidence
for the charge-transfer mechanism between the irstaje and molecular affinity level.
The different image states provide a fingerprinthaf different interfacial charge-transfer
physics at work. The dispersion behavior of the (ISOPG image state and anion level)
and 1S2 features is radically different, even tHodgrmally both the HOPG and the
VONCc-derived image state involve coupling to anrtfy level.

Changes in binding energy of the anion level in #a#l of IS2 as a whole can be
understood in the context of the influence of ifateial electrostaticSThe spectroscopic
separation of the anion and image state compoireid by AR-TPPE together with the
measurement of their respectingy provides independent confirmation for the presence
of an anion level and its coverage-dependent stabdn interpreted with the aid of a

simple electrostatic model. The simultaneous olsemw of the two near-resonant
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components of IS1, separable only because of fuadtaity different dispersion
properties, offers an opportunity to shed lighttbe charge-transfer processes at this
interface.

The question of how the HOPG image state and thBld/@ffinity level interact
can be addressed. Of the two possibilities: i) t&bec transfer occurs from HOPG to
VONC via scattering, or ii) excitation occurs ireohybrid of the two states, the hybrid
mechanism for charge-transfer can be eliminated. di@ct electron transfer to take
place between the image state and an affinity J@raf a single image state/affinity level
hybrid state is formed, the dispersion propertiassttbe similar to get a significant
amount of wave- function overlap. Experimental datzeal that the dispersion properties
of the two states are not similar, and therefoeedlectron scatters out of the image state
and into an affinity level of VONc. Since scattgyinorresponds to an indirect electron
transfer, it is not necessary for the electron tiogastate and electron accepting state
wave functions to be similarly dispersive.

A second central question focuses on the influeicelectrostatic fields on the
interfacial charge-transfer rate: Is the imageestatupling to the anion state affected by
the changing electrostatic environment at the fate;, and what role is played by the
changing resonance between image state and anetodiepolarization of the affinity
level?

Some insight into this question can be gained hestigating the intensity
evolution of both features when all spectra ardescto a common baseline. As can be

seen in Fig. 6.14, the absolute peak areas, awkrager all kj, display several
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remarkable features. The pure HOPG image statasiyedecreases dramatically upon
deposition of ¥a ML VONc (Fig. 6.14), a fact alreadyalitatively observed for even
smaller coverage®nce the anion state is populated by charge-trafigfin the HOPG
image state (Fig. 6.14 insert), both affinity lewgld image state intensities continue to
decrease with higher coverage; indeed, the HOP@amstate is no longer detected above
% ML. This behavior might be expected at first sigince the probability of exciting the
pure image state of clean HOPG diminishes as tladive fraction of available clean
HOPG area decreases with higher VONc coveragdbidrscenario, a simultaneous and
correlated decrease of the affinity level intensityuld be expected, if this state is only
populated by charge-transfer from the HOPG imagéestThis picture appears to be
insufficient to explain the intensity evolution tife spectral features, since the relative
rates with which both features decrease is qufterdnt: The image state intensity drops
very quickly and is barely above the noise floareatly at %2 ML, while the anion

population drops slowly and only by approximately%d between ¥ and 1 ML.
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Figure 6.14.Peak areas for the different spectroscopic featugtained by normalizing
spectral background at each coverage. Coveragexdepee of HOPG image state, anion
and IS2 integrated peak intensities, shown betweemd 1 ML. Insert: Zoom-in of
coverage-dependence of HOPG image state (IS), dadare and 1S2 between ¥4 and 1
ML.

This observation shows that the relative intensitiEthe image state and affinity
level are not governed purely by simple surface a@nsiderations relating the amount
of “free” HOPG area and the VONc density to thecfiean of anions formed. The
detection of the anion level at 1 ML in the abseotcthe HOPG image state necessitates
population via an additional pathway different frartharge-transfer from the HOPG

image state. Given the excitation scheme and velgtiow excitation energy of 4.04 eV

used in this AR-TPPE study, a likely candidatehis tlecay of the hybrid image/anion
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state 1S2. Neither of these two anion formationcpsses are sufficient on their own to
explain both the slow anion intensity decrease wadherage and its finite intensity at 1
ML.

It is possible that the coupling between imageestaind affinity level is affected
by the interactions at the interface, given theidagecay of the HOPG image state
intensity with molecular coverage. The decay rdtamimage state due to scattering has
been shown to become strongly enhanced even atsreajl molecular coveragé¥
This is evidenced in the VONc/HOPG system by angensatate intensity decrease by

approximately a factor of 5 upon the first increma¢mddition of VONc, when % of the

HOPG surface remains bare. The effects of neanegs® ak; 0 A_l and the result of
depolarization on the anion and 1S2 levels mayhtrtinfluence interfacial charge-
transfer efficiencies: A change in coupling stréngietween image and anion state,
mediated by resonance between molecular affinitglteand image states as proposed by
Rous*® or increased driving force for interfacial chargaasfer with growing
depolarization may be responsible for the obseimeghsity trends in the image state
manifold.

IS2 shows completely different behavior from themesonant HOPG image
state and anion states in IS1, never unfolding puice image state and affinity level
contributions at any of the coverages investigatéustead, 1S2 displays the

characteristics of a coherent mixture of imageestatd affinity level, with a relatively

low effective mass typical of image states. Theureabf an image-like state above an
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atomistically complex surface such as 1 ML of VONTtHOPG is quite different from
the idealized Rydberg-like state on clean metaffases, facilitating mixing of a
molecular state with an image state. This is addlected in the high binding energy of
1.01(7) eV against global vacuum level. The mixisgstrengthened with increased
coverage, resulting in a growing 1S2 effective masgd hence the onset of localization of

the image-like electron on the molecular acceptor.

6.5 Conclusions

In this chapter, an angle-resolved two-photon phmission spectroscopy study
of the image state manifold at the interface of KBO&hd the oriented dipolar organic
semiconductor vanadyl naphthalocyanine in the 0 MLl regime was presented.
Deposition of submonolayer coverages of VONc rssirit a drastic reduction of the
HOPG image state, while simultaneously populatingear-resonant, largely localized
anion level. The energy of this anion state dee®agith increasing coverage due to
depolarization by the surrounding VONc moleculeR-APPE permits disentangling of
these two states due to their considerably diffedispersion properties. The rather
different coverage-dependent evolution of the imaige anion state intensities, obtained
by AR-TPPE, suggests that the interfacial chargestier process is influenced by long-
range interactions at this surface. A differentetypf image state, 1S2, appears at
coverages closer to 1 ML, displaying the charasties of a mixed image state/anion
level, as can be seen from its binding energy afadively low effective mass. AR-

TPPE at the weakly interacting interface betweerN¢@nd HOPG offers therefore an
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ideal laboratory to investigate the effect of sgrdacal electrostatic fields on interfacial
charge-transfer. The presence of a molecular dipmment and the large polarizability
of VONC/HOPG is ideally suited to control intermcldar and interface-mediated
interactions. The initial goal of identifying thénarge-transfer mechanism between the
HOPG image state and anion affinity level was actde as dispersion evidence was
provided for a scattering mechanism. Interestingkperimental data also suggest that
the scattering efficiency was dependent on VONcecage, as the depolarizing affinity

level came in and out of resonance with the HOP&ggerstate.
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CHAPTER 7
INVESTIGATION OF VANADYL NAPHTHALOCYANINE/AU(111) INTERFACE:

ULTRAVIOLET PHOTOELECTRON SPECTROSCOPY AND DENSITY
FUNCTIONAL THEORY

7.1 Introduction

In the last several chapters, vanadyl naphthatoogawas studied in depth on a
HOPG substrate in order to minimize substrate/dudderinteraction. That system was
ideal for gaining an understanding of an interfaygole formed solely by intrinsic
molecular dipole effects. In this chapter, inteidheffects are studied in a system with
the additional complexity of molecule/substratesrattions. For the studies presented in
Chapters 7 and 8, HOPG was replaced by Au(111}aliie increased density of states in
the Fermi region, and the presence of potentiadlgictive surface states including
Shockley and Tamm states. We anticipated that anatlectron rich surface would lead
to a strong interface dipole upon addition of VOMolecules. The exact nature of this
interface dipole will be examined in depth in tblsapter, taking both a computational
DFT approach in collaboration with Fabio Della Safted an experimental approach in
order to understand the transferability of the tetestatics concept at this interface and
pinpoint the sources of the interface dipole. Fribiase studies insight for controlling
electronic structure at organic semiconductor fatas is acquired.

This chapter focuses primarily on the interactmmiween sub-ML to 1 ML of
VONc with the Au(11l) surface. Much detail is inddd about the interfacial
electrostatics, and the causes of the interfacelaipHowever, the experimental

investigation was continued beyond 1 ML. The irgeef was studied upon the addition
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of several more VONc molecules and trends in idiomaenergy, work function, and
HOMO peak widths were tracked from 1 ML to approately 9 ML. This chapter is
organized as follows: in Section 7.2 a brief dggmn of the experimental set-up will be
given; in Section 7.3, both UPS and DFT data wdl fresented for sub-ML to ML
coverage of VONc on Au(111), followed by UPS datéamed for multilayer coverage;
Section 7.4 includes, a discussion of the inteafaciteractions between Au(111) and the
1% surface layer where the largest interface dipaletg, followed by a brief discussion
of the multilayer trends; and finally the chapteill wlose with a brief conclusion in

Section 7.5.

7.2 Materials and Methods

7.2.1 Experimental

The polished Au(111) crystal was purchased frorndeton Scientific (99.999 %
purity). Upon initial introduction to vacuum, theystal was annealed overnight at 580
and then repeatedly sputtered with At.2 keV, 25 A, Ar pressure 1.2 x IDmbar, 30

minutes) and annealed (550°C, 1 hr) prior to dejmwsiThe presence of a clean, ordered

22" J/3surface was established by the appearance of thg sfamm and strongly
dispersive Shockley states (effective magg = 0.27(2)) in angle-resolved UPS and a
work function of 5.50(1) eV**3

VONCc was purchased from Sigma-Aldrich and used autHurther purification.
The VONCc deposition procedure was the same aslitbatssed in Chapter 3. The sample

was introduced into the photoelectron spectrom@t& EscalLab MK II, base pressure
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5-1dlombar) equipped with an integrated sample heateerAlieposition of VONCc, films
were annealed for one hour at 1%5. All UPS spectra were referenced to the Fermi
energyEr and collected at room temperature using a He(Iplé8pecs UVS 10/35, 30°
angle of incidence from normal). Full spectra wexeorded with a take-off angle of 0°
with respect to normal, +12.5° acceptance angl®, sample bias and 5 eV pass energy.
In the Fermi/highest occupied molecular orbital (4Q) region, a 2% off- normal
emission angle was used for enhanced HOMO inteasitlhno sample bias was applied.
The vacuum level was measured from the baselieecept with the spectral slope at the
inflection point in the low kinetic energy regiosetondary electron cut-off, SECO).
From deconvolution of the Au Fermi edge, a speatesolution of 89(8) meV was

determined.

7.2.2 Computational methods
DFT calculations for the isolated VONc monolayed ane VONc monolayer on

a 5 layer thick Au(111) slab were performed by caltaborators in the Della Sala group.

7.2.2.1 Isolated molecule

DFT calculations for an isolated VONc molecule wegrerformed with the

TURBOMOLE program using the Perdew-Burke-ErnzerfiRBE) exchange-correlation

|154

functional™* We used the def2-TZVPD basis §&twhich was recently proposed for an

accurate description of polarizability’
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7.2.2.2 Periodic monolayer and interface

DFT calculations for the VONc monolayer on the ALKl surface were
performed using the plane-wave Quantum Espres$waref package>® employing PBE
ultrasoft pseudopotentials. For all calculationseaergy (density) cutoff of 30(300) Ry
was used, in agreement with previous calculations/&nadium containing materidf€.
Higher cutoffs led to unaffordable computationastsagiven the size of the system under
investigation. The gold surface was modeled bylay8r thick slab with a (6x4) surface
periodicity. We used a cell of 17 A in the vertiagditection and a dipole correction
schemé?’ The simulation cell included 322 atoms and 3.3iomilG-vectors.

For geometry optimizations all degrees of freedoaremelaxed except for the
bottom three gold layers, which were fixed to thekloptimized lattice constant (4.137
A, see next subsection regarding dispersion céorgcin good agreement with the
experimental value of 4.08 &®

The adiabatic adsorption energyyswas calculated fronags= - ( Eror - EspLas-
Esam) WhereEror, EsiasandEsav are the energies of the total system, the gold ateb
the periodic molecular VONmonolayer, respectively, both of them fully relaxadheir
equilibrium conformation.

The work function shift can be decomposed into the vacuum level shifhef t

isolated, relaxed molecular layer\(;ac) and a bond-dipole (BD) componént;*®®

L

BD= 2zDr(2dz 7.1

0
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where thez-axis is perpendicular to the gold surfaces the length of the unit-cell in the
z direction (.e. perpendicular to the substrate), and piene averaged charge-density

differenceDr (2) is

Dr(z) = dxdyDr (x,V,2) 7.2
Thecharge-density differende given by
Dr(x,y,2)=r"°"(x,¥,2) - r3*®(x,y,2) - r*(x,v,2) 7.3

i.e. the density difference between densities for thal teystem, gold slab and VONc

monolayer. We also considered the corresponéiactrostatic potential difference
DV (X, ¥,2) =V (X, y,2) - V3®(x, y,2) - V"™ (X, y,2) 7.4

7.2.2.3 Dispersion correction

In order to understand the interfacial electronituture, the precise
determination of the VONc adsorption geometry on(JAd) is of fundamental
importance. It is well known that small modificai®of the metal-molecule distance can
lead to significant changes in the electronic proge and as a consequence in a work
function shift*31%11%2A key issue in the DFT geometry optimization oftatenolecule
interfaces is the proper treatment of the exchageslation effects. Due to the very
large size of the molecule under investigation, hods beyond the local density
approximation (LDA) or the generalized gradient r@pgmation (GGA) are out of reach.

However these functionals lack the correct treatnwéndispersion correction. Recent
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theoretical investigations show that LDA leads xoessive binding energié® whereas
GGA generally strongly underestimates binding eiest§®*®* In order to include
dispersion interactions in DFT in an efficient waye used in all our calculations the
empirical correction scheme of Grimrfg, recently implemented in the Quantum-
Espresso packad& However, the empirical dispersion correction hesrbso far mostly
applied to molecular systems only and no well-dsdi@s parameter is available for bulk
gold. Therefore we investigated different posdiledi: Using theCs parameter derived
from atomic calculation¥>? a somewhat excessive adsorption energy (~ 10 €8 w
obtained for VONc/Au(111), as also found for pertse on Au(111j%% In addition, we
determined that this parameter significantly unsimeates the gold lattice constant,
making it inadequate for determining an accuraterfacial geometry. In a second

attempt, we used th& parameter obtained by Tonigoéd al,*®*

yielding a dispersion
correction™®’ In addition, the adsorption energy of the VONCc/BLL) interface is
reduced by about a factor of two (see Section ¥.&8d is in the correct energy-
162,164 S .
range ®4%*A similar value for theCs parameter has already been u$&dVe use this
parameter for all geometry optimizations of per@odiructures presented in this work,

while the default parameters from Grimifrewere used for all other atoms. The

dispersion corrected PBE method is defined heneasi®BE+D.
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7.3 Results

7.3.1 Spectroscopy of bare Au(111) substrate

Since a complete analysis of the VONCc/Au(11ll) swsteequires precise
knowledge of the Au(111) substrate and its propsytl will first discuss UPS of the
clean Au(111) surface. Figure 7shows the full scan of a clea®2’ V3 Au(111)
surface; apparent in the spectrum are a high sacpmrdectron cut-off corresponding to a
work function of 5.50 eV, the Tamm surface statbéike surface resonances, residing
solely in the22’ /3 reconstructed Au top layetj,and a strong Shockley surface state.
The Tamm and Shockley surface states are spat@iblized to the surface of the
Au(111) crystal (as described in Chapter 1). Thghhiork function is indicative of
electron density tailing out from the surface of(ALL) into the vacuum portion of the
interface. Therefore these three component featfrekean Au(111), are quickly altered

in the presence of any surface adsorbates.
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Figure 7.1. UPS spectrum of clean Au(111l). Key features inelgécondary electron
cut-off (SECO) corresponding to work function 066.eV, Tamm surface resonances

associated witt22" /3 Au(111) reconstruction (T1 and T2), and Shocklerface state
(SS).

A series of ARUPS spectra of bare Au(11l) acquingith He | emission are
presented in Figure 7.2. The experimentally deteechibinding energy of the Shockley

surface state ikg = 0.40(1) eV, as can be seen from the fit & 0° in Fig 7.3a). The
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Shockley surface state feature is strongly disperdeading to a somewhat asymmetric
peak shape because electrons with non-zero pamatleientum will be detected in the
1.5> acceptance angle even @t the asymmetry increases at larger emission angles
where the difference in parallel momenta of emigéettrons is greater across the®1.5
acceptance angle. The asymmetric peak shape wasxappted using a split Pearson
VIl profile, a peak shape which converges to Gaussind Lorentzian limits depending
on the shape parameten, (as described in Chapter 6). Additionally, in Figa) the
Fermi edge is visible, since Au(111) has a faidygk density of states populating a
continuum of energy levels up to the Fermi cut-dfiis Fermi edge and the background
were fit with a Fermi function convolved with adar function, as seen in Figure 7.3a).
Figure 7.3b)shows the surface state peak fits after subtractiag-ermi function/linear
background.As the surface state migrated towards the Ferme ddg polar angles
associated with largdyj it became necessary to convolve the Pearson Vdttiiom with a
Fermi edge function, as shown in Figure 7 f3in)the surface state fit af Holar emission
angle. Fitting the surface state spectra with tiaeetions, the surface state dispersion
could be obtained: Fig. 7.4 shows the associategedsion curve, yielding an effective
massmess = 0.27(2). Therefore electrons in this state arengfly delocalized in the plane
of the surface, characteristic of a Shockley sefsiate. This value afey is in good
agreement with the value of 0.26 reported in Zireff al’®® A calculated surface

projected band diagram of Au(111) can be seengargi7.5-"°
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Figure 7.2. ARUPS of clean Au(111). The Shockley surface stt@, binding energy of
-0.40 eV at Bpolar angle, shifts to lower binding energy atméfmal emission angles.
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Figure 7.3. a) Clean Au(111) surface state &t fblar emission angle fit with split
Pearson VIl (red) and Fermi edge function convolvath linear function (blue). b)
Clean Au(111) surface state after background sciidra of Fermi edge function/linear
convolution (shown in blue in a). A@Gnd 3 the surface state peak is fit with split
Pearson VIl (red) only, at’Jolar angle, the surface state peak is fit withearson VII
convolved with Fermi edge function (red).
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Figure 7.4.Surface state binding energy as a function of fnaomentum. Parabola fit
results in effective mass of 0.27(5).
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Figure 7.5.Theoretical projected band structure of Au(111)rfr6hulkovet al'’™® Gray
region indicates bulk bands, white region indicdiaad gapn = 0 is Shockley surface
state, anah = 1 is image resonance.
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7.3.2 VONCc thin films sub-ML to 1 ML
7.3.2.1 UPS spectra of the VONc/Au(111) interface

7.3.2.1.1 Adsorbate induced changes in the Au(@urface states

Fig. 7.6 shows a UPS survey spectrum of the ck2in/3 surface in comparison
with that of annealed %4, %2, %, and 1 ML VONc/Au(L1By the time a coverage of %
ML VONCc is reached, the Shockley and Tamm surfdates are completely quenched,
indicative of strong interaction between the VONolecules and the surface. The
progression of Shockley surface state quenchingoeaseen clearly in Figure 7.6c). The
surface state binding energy shifts with each dépasfrom Eg = 0.40(1) eV for bare
Au(111), to 0.37(1) eV at ¥ ML, and 0.33(1) eV atMk. Also the intensity of the
Shockley surface state decreases with VONc coveaaddas completely quenched by %
ML. Although the binding energy of the surface stahifts, the effective mass value
obtained at %2 ML coverage is 0.28(2) and at ¥2 Miecage is 0.27(2), both within the
uncertainty limit of the value obtained for bare (ALl). The nature of the Shockley

surface state binding energy shift will be discdsgrther in section 7.4.
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Figure 7.6. a) Suryey UP-spectra of bare Au(111) and Au(111) wiiffierent VONc

coverage at = 0 . b) Secondary electron cut-off (SECO) region. ©s€-up of Fermi-
region, showing the occupied Au Shockley surfaatesind the VONc HOMO.
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7.3.2.1.2 Interface dipole formation

With each incremental deposition of VONc, the SEE€I@fts considerably, as
seen in Figure 7.6b)ndicating the presence of a large interface dipdlee largest
change in work function occurs with the first ¥4 MIONc deposition, dropping already
by 0.50 eV. For each subsequent deposition, thek vianction continues to drop,

however in a non-linear manner (Figure 7.7). Nbgd tn contrast to VONc/HOPG, the

work functiondropsfrom =5.50(2) eV on clean Au(11D2’ J3to = 4.77(2) eV at
1 ML coverage, a net change of =-0.73(2) eV. It will be shown later in this chap
that this experimentally observed strong interfdgaole is also the outcome of first
principles DFT calculations. The exact nature ef dipole formation will be discussed in

depth in section 7.4.
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Figure 7.7.Work function of Au(111) as a function of VONc coage from sub-ML to
1 ML.

7.3.2.1.3 Appearance of the VONc HOMO

The HOMO band of VONc shows no marked dispersiomfk; = 0 A* to 1.6
A, but instead a strong angular intensity-depend@fige7.8), indicating a well-defined
adsorption geometry similar to that of 1 ML VONc HOPG presented in Chapter 3. A
considerably improved signal-to-noise ratio may thus be obtainedhrrésglution scans of
the Fermi region at a take-off angle of 25° due to photoemissiectisa rules and
molecular orientation. A close-up spectrum of this region in the pasded film is shown in
Fig 7.9a) prior to background subtraction of an exponential decay plusrdooitsat (navy).

The background-subtracted spectrum in Fig. 7.9b), shows the presdmeefeatures with
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comparable integrated intensity. Fitting with Voigt profiles gge& narrow featurd\() with a
full-width at half-maximum (FWHM) of w= 0.22(3) meV and a binding energy of 0.60(2)
eV, and a somewhat broader featuvk (v= 0.27(5) meV) with binding energy 0.80(2) eV.
Mild annealing at temperatures of 125 °C for 1 h hasmnatic effect on the appearance
of these spectra (Fig. 7.9c)), convertidigquantitatively tow ( w = 0.26(2) meV) at a
binding energy of 0.62(1) eV. This conversion soahpparent in the increase of intensity
of the W feature after annealing. In contrast to VONc/HORG conclusive evidence for
vibronic progressions is found within the/ band. At thicknesses above 1 MLE,
annealing was no longer able to removeNhpeak completely, allowing assignment of
this feature to multilayer structures of VONCc; itsreased width is consistent with some
structural disorder expected for a multilayer islgphase. Conversely, th& feature
constitutes the “wetting layer” on the Au surfaogerall fairly well-ordered and hence
with a relatively narrow FWHM at 1 ML coverage. Beeresults suggest that annealing

affords an ordered 1 ML film of VONCc.
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Figure 7.8.a) ARUPS spectra of HOMO region of 1 ML VONc on Au() %t @, 25,
and 48 polar emission angle. b) HOMO peak intensity dsnation of emission angle.
There is an apparent local intensity maximum irensity near 25 and a global

maximum at 4%off-normal emission angle.
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Figure 7.9.a) 1 ML as-deposited HOMO region obtained at a-tafkeangle of 25°,
before background subtraction, exponential decay |phear fit to background shown in
navy blue.b) Close-up background-subtracted UP-spectrum @l fit and residuals.
The HOMO feature could be fit with two Voigt pealepresenting the wetting layan)
and the multilayer structuréd/j. c) Same as b), but for the annealed film, shgvanly
the Wfeature.
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For VONCc/HOPG, several different molecular orieiaias were observed in the
unannealed films, characterized as “O up”, “O downd “O paired” (Chapter 3J.he
unannealed as-deposited spectra of VONc/Au(11I)adshow clear evidence of such a
distribution of orientations on the surface, siace“O paired” feature is missing for all
surface treatments and coverages between 0 andlk. 2nstead, the narrow wetting-
layer peak contains likely only a single orientafiassigned as “O up” based on scanning
tunneling microscopy and photoelectron diffractgindies for the related VOB&and

as modeled below.

7.3.2.2 DFT (Della Sala group)
7.3.2.2.1 Structural and electronic propertiests# isolated monolayer

The PBE+D optimized VONc geometry of the periodiocnolayer in the absence
of the Au surface is shown in Fig. 7.Ihe calculated “monolayer” corresponds in fact
to a true % ML coverage, ensuring that van der ¥agle intermolecular forces are
negligible (see next section for more detail). Thaptha-groups are slightly bent, in
agreement with the shuttlecock geometry of dipdtc and MNct’* The maximum
distance in the out-of-plane coordinate of the caratom is 0.48A and the VO bond
length in VONCc is 1.59 A (see Tab. 7.1), in exaallagreement with experimental results
for VOPc® The total height of the molecule is 2.8 A. The \gf@up creates a permanent
large dipole moment perpendicular to the planeénefrholecule, calculated to be 2.38 D
in the free monolayer. A corresponding vacuum leskeft of about +0.25 eV (see Tab.

7.1) is calculated in the isolated monolayer. Makie is in agreement with experiments
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of VONc on weakly interacting HOPG, where a workdtion increase of +0.21(1) eV

was found (Chapter 3).

Figure 7.10. Optimized VONc molecular geometry in the free mager. The
symmetrically inequivalent atoms are indicated.
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Table 7.1.Computed energetic and structural data for thaisdl VONc SAM, and the
atop and bridge interface. The first five columns i@lated to the properties of the VONc
ML, in different geometrical conformation (isolated interacting with the substrate) and
indicate (from left to right): the distance betwaemadium and oxygen atom (V-O), the
maximum distance between theoordinate of the carbon atoms of the VONc molecule
( zC); the vacuum level shiftVvac resulting purely from electrostatic potentilthe
free layer of molecular dipoles; the intrinsic dgponoment () and polarizability () of

the isolated VONC molecule from PBE/def2-TZVPD cédtions. The last five columns
are related to the properties of the interfacep(aio bridge) and indicate (from left to
right): the adiabatic total adsorption energy ofNEOon Au surface (Eads), the averaged

distance between the VONCc carbon atoms and theuAace atoms<®z>); the distance

between the vanadium atom of VONc and Au surfaocenat(Au-V); the bond-dipole
(BD); the total work function shift ( ).

Note that the aforementioned value of the dipolemeat takes into account
depolarization effect&'’?due to surrounding VONc molecules in the full mayeir.
Calculations performed for theolatedVONc molecule,.e. without periodic boundary
conditions, with the same geometry and the same fDRdtionals, yielded a larger value
of the dipole (2.67 D). This is in excellent agregmwith the experimental estimate for
isolated VONc on HOPG of 2.7(4) Dhe computed static polarizabilitgzZcomponent)
is also reported in Tab. 7.1, due to polarizatibthe V-O dipole as well as out-of-plane

polarization of the electron system. Note that the experimental estenfar ., from
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VONC/HOPG represents affectivepolarizability which also includes the effect okth

HOPG substratéhus somewhat larger than the value reported in Tdb

7.3.2.2.2 Structural properties of the VONc/Au(liblerface

Based on the combination of the present UP-spaatidhe geometry reported for

VOPc/Au(111), this flat-lying “O-up” geometry wad@pted. Note that the persistence of

the 22" /3reconstruction in the monolayer film cannot be aaeld based on the UPS
data despite quenching the surface states, asstedger both VOPc and CuPt!’3A

full theoretical treatment of this effect is howevéeyond currently available
computational capabilities because of the large sizthe required unit cell. Moreover,
the combination of a large reconstructed surfade aell and the considerable size of
VONc are anticipated to make the effects of recocsbn relatively minor. We
therefore adopted an unreconstructed Au surfacengeyg and performed geometry
optimization for two adsorption siteAtop, where the vanadyl group is exactly above a
surface gold atom (Fig. 7.11a)), dmadge, where the vanadyl group is at an intermediate
position between two surface gold atoms (Fig. 7)L1Bor both configurations, the
orientation of the perpendicular naphthalo-branchieshe molecule are chosen along
[121] and [101] directions. These choices are fiesti by both experimental and
computational work on the related MPc molecule slasa Au(111): The adsorption
orientations are in good agreement with STM resoftghe related DyPc and FePc on
Au(111)"**">while the adsorption sites correspond to the predesites determined for

MPc/Au(111) in both computational and STM studies.
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Figure 7.11.a) Atop and b) bridge unit cell for the VONc/Au()ldterfaces.

Note that the surface unit cell of VONc/Au(111)ist known. Likely, growth is
incommensuratas already suggested by MPc on various metal ®sfat’!such that a
combined overlayer and substrate unit cell doesrist or includes instead a very large
number of molecules. Under these conditions, th&igorations reported in Fig. 7.11
represent the smallest non-reconstructed orthorfeononat cell with one molecule per

cell. This unit cell provides also the highest plolesmolecular coverage while avoiding
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strong intermolecular repulsion caused by inteoasti between hydrogen atoms from
different molecules. The associated coverage isoappately ¥ ML estimated from the
ratio of molecular to available surface area. Ia tiresent theoretical efforts, higher
coverages can only be obtained with a prohibitivalge unit cell (many times the size
of the one chosen here) and containing multiple ¥OMading to unaffordable
computational cost. Even though this coveragevietadhan the experimental 1 ML, it is
sufficiently large to capture the relevant physias, will be evident from the good
agreement between experimental and computatiosaltse

The computed PBE+D adsorption energy for VONc andbld surface and the

main geometrical parameters are presented in TAbWe found an adsorption energy of

about 5.5 eV and an average metal-molecule distabegp of about 3.2 A. This is in

good agreement with the experimental adsorptiomggneredicted from the shift in the
Shockley surface state binding energy. Moreoveyipus calculations of large organic

molecules on Au(111) give adsorption metal-moleclig¢ances of about 3 Rin good

agreement with our computéﬂ)z>. We conclude therefore that the dispersion caoect

scheme with &g parameter correctly describes the interfacial ptsyseven though an
exact non-empirical treatment is out-of-reach farrent state-of-the-art theoretical
methods->

When comparing different adsorption geometries etfiergy for adsorption at the
bridge site is slightly lower than for the atopesitvith an energy difference of about 0.1

eV. This is caused by the slightly shorter averdigéance between the Au surface and
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the VONc carbon atoms at the bridge site (0.01Sch small energy-differences are
probably beyond the computational accuracy of tBE+D method, so that no preferred
adsorption site can be established with certaihtierestingly, we found that VONc

flattens due to relaxation, thereby decreasindalgest vertical distance between atoms

Dz, from 0.48 A to 0.24 A in the atop and to 0.10 Atfie bridge geometry. This is in

agreement with the recent photoelectron diffractitata of VOPc on Au(11Ff.The
larger flattening of VONCc for the bridge site al®@akes the average distance between the
Au surface and the VONc vanadium atom shorter lopeb.1 A. Note that the vanadium
oxygen bond length remains the same for both sitdsrestingly, flattening of the
molecule also reduces the intrinsic molecular gipapbment, decreasing to 2.48 D in the
atop geometry and to 2.11 D in the bridge geometit) a corresponding reduction of

the vacuum level of about 0.03 eV.

7.3.2.2.3 Electronic properties VONc/Au(111) ifaee

In this section we will analyze the results for bredge site, which is predicted to
be the ground state at the PBE+D level. ResultstHer atop configuration are very
similar (see Tab.7.1).

In Fig. 7.12c)we report the DOS of the full metal-molecule indéed projected
onto different atom types. Figure 7.12a) and bprethe corresponding projected DOS
(PDOS) of the isolated VONc monolayer and of tldaited gold slab, respectively. Note
that for a more direct comparison with the fullerface, we consider the isolated systems

in their final relaxed geometry of the interfacédneTenergies are relative to the Fermi-
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level of each system. The PDOS refers to the sutheftwo spin channels, since the
significant spin-polarization is not relevant fdret present purposes. Comparing the
PDOS of the full system (Fig 7.12c)) projected ba ¥V, C, N or gold atoms with the
data in Fig. 7.12a) and b) shows that no significandifications occur: Beyond slight
broadening for the C PDOS, orbital peaks shift hss 0.2 eV, showing that no strong

chemical bonds are formed.

Figure 7.12. Projected Density of States (PDOS) on V, C, N andatoms for a) the
isolated monolayer b) the isolated gold slab anthe)VONc/Au(111) interface (bridge
configuration). The PDOS on gold atoms is dividgdalfactor 20. The energy is relative
to Er for all atoms.
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Fig. 7.13 shows the plane-averaged charge denffigyaeshce (Equation 7.2). Fig.
7.13 shows that substantial charge reorganizasoanbtained at the interface, with a
depletion of electron density near the molecule andorresponding accumulation of
charge near the metal surface. Integration of tlegge density difference yields a total
charge of about 0.7 e. Interestingly, the charggir@mtes mostly from the-electron

system and vanadium atom, while the O atom seefs krgely acting as a spectator.

Figure 7.13. Computed plane-averaged charge density difference Wridge
configuration. The dashed lines indicate the avegasitions for the C, V and O atoms.
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The interfacial interaction and charge-redistribntigenerates an adsorbate-
induced dipole in the surface region pointing wikle positive end towards vacuum,
hence lowering the work function. This dipole, ¢eghby the variation of the plane-
averaged charge density, is formally identical tboad dipole and results in a work
function shift of -0.73 eV at 1 ML (-0.67 eV at ¥ For the total work function shift

, the vacuum level shift from the suspended ML toalse added. Despite geometrical
relaxation at the interface, the vacuum level skifbws negligible change upon
adsorption to the Au surface (see Tab. 7.1), azainly originates from the VO dipole,
mostly unaltered by adsorption. The total work tusrt shift for bridge adsorption is thus
about -0.50 eV. The agreement with experiment @seclconsidering that the metal-
molecule distance plays a key role in the exacerdahation of the work function

shift.16?

7.3.3 UPS spectra of VONc multilayers on Au(111)

In Figure 7.14, the experimental work functiorsimown as a function of VONc
surface coverage in annealed films. As discussgulewious sections, the work function
drop is quite dramatic, with the formation of a swerable interface dipole upon
addition of 1 ML of VONc. After the first ML, the ark function does continue to
change, however the rate of decrease slows dowm inéreasing adsorbate coverage.
The work function drops by 1 eV (to 4.50 eV) ottee first two ML'’s. As expected, the
largest interface dipole occurs from charge reithistion in the region closest to the

interface between Au(111) and VONCc. Ultimately therk function plateaus at 4.30 eV
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with 26 A coverage, for a total work function shiff 1.2 eV as compared to bare

Au(111).

Figure 7.14.Summary of work function with VONc coverage (foatflying molecules
4A =1 ML).

In Figure 7.15 the UPS HOMO region is shown for 2 ML coverage. The
multilayer that was observed in unannealed filmg.(FF.9a) and b)) is again visible in

annealed films past 1 ML, validating the idea ttit second peak is a signature of the
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multilayer. The separation of the wetting layer andltilayer peaks on the binding
energy scale is likely due to final state effeatdiere the photo holes created in the
multilayer are not in contact with the polarizabietal surface, thereby decreasing the
stability of the multilayer photo-ionized catiorfSgure 7.16a) shows the HOMO region
with increasing VONc surface coverage. The vidipibf the wetting layer diminishes
past 8 A, and it is therefore difficult to quantifye peak area precisely, since no distinct
wetting layer peak is left at thicker coverages. tBa other hand, the intensity of the
multilayer grows fairly linearly with coverage. Tipeak area as a function of coverage is
summarized in Figure 7.16b). Also apparent in Fegidrl6a), the HOMO multilayer
binding energy increases slowly with coverage, #ra peak width broadens. These
multilayer peak trends are summarized in Figur&é3ga).and b). From the peak centers in
Fig. 7.17a), a different binding energy is assedatvith VONc molecules from each
layer. A broader peak width as the number of laygaspled increases is expected:
Different molecular environments contribute, eaclthwslightly different binding
energies. Also likely is that at thicker coverages,larger variety of molecular
orientations is present, each with a slightly ddfe binding energy, resulting in an
overall larger HOMO peak width. The multilayer tdeof increasing binding energy with
coverage, might be thought to arise from compengdtie decreasing work function in
order to maintain a constant ionization energy. eleav, the decrease in work function
occurs at a faster rate than the increase in kgndirergy, as shown in Fig. 7.18. The
ionization energy is thus not conserved with cogerét changes by approximately 400

meV) and the interfacial molecular structure isdamentally different from that of a
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thick VONCc film.

Figure 7.15. Comparison of annealed %2 to 2 ML of VONc on Au(11A) coverages
above 1 ML, a multilayer peak becomes visible.
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Figure 7.16.a) Growth of the intensity of the HOMO peak with MO coverage from 2
A to 34 A. b) HOMO peak area of multilayer and wwejtlayer with VONc coverage.
The multilayer peak grows linearly with the amoah¥ONc deposited.
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Figure 7.17.a) Binding energy of the multilayer HOMO peak asiaction of coverage.
b) FWHM of the multilayer HOMO peak as a functidincoverage.
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Figure 7.18. Multilayer ionization energy as a function of VONmverage. The
ionization energy is the result of adding HOMO hingdenergy and work function at
each coverage.

7.4 Discussion

7.4.1 Shockley surface state binding energy

Upon adding VONCc to the Au(111) surface, the Shockurface state shifts by
70 meV to lower binding energy at %> ML coverage.1AYIL, this shift would likely be
greater, but the surface state is no longer ddilectaith UPS at VONc coverages past Y2

ML. In past reports of adsorbates on noble metdlasas, the binding energy of the
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Shockley surface state has been reported to shifvedl. The source of the shift in
binding energy is typically attributed to Pauli vépon in the case of physisorption,
charge-transfer, in the case of chemisorption,drahge of noble metal character in the
case of noble metal adsorbatésEach of these causes comes with a characteristic
binding energy shift direction. For example, chargesfer from the noble metal surface
to an alkali adsorbate reduces the electrostatienpal at the surface, thereby drawing
electron density towards the surface and stabgizorface state electrons. Therefore
these interactions typically shift the binding enehigher (away from the Fermi level).
On the other hand, Pauli repulsion from an electich adsorbate pushes electron
density at the surface of the noble metal towalds lulk, thereby destabilizing the
surface state and causing it to shift to lower inigeénergies.

The experimentally observed shift of the Au(l1lljface state towards lower
binding energy upon adsorption of VONCc is consistgith the charge reorganization
predicted from our DFT calculations, where an aadation of charge near the metal
surface was shown as a result of VONc adsorptiohiléAthe direction of the surface
state binding energy shift gives insight to theetyid charge redistribution taking place at
the surface, the magnitude of the shift can suppintitative values for the adsorption
energy of VONc on Au(111). Figure 7.8Bows the results of a relation by Zireffal**°

thatD p DE; (SS), whereD is the molecular adsorption energy. In this relatithe

repulsive interaction of the Shockley surface stait®h an adsorbate is estimated by a
laterally averaged physisorption potential. Thetdegf this potential at equilibrium is

equated to the molecular adsorption enefgyBy fitting adsorption energies against
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surface state binding energy shifts in several fiddées on noble metals, they obtained
the relationD = 1.06 A® -DE; (S9. The binding energy shifts obtained in our sys&m

Y, and ¥2 ML are overlayed in red. Using this relaldp, an adsorption energy of 3.35
meV/A? is obtained at ¥4 ML and 7.5 me\V/At %2 ML. Assuming that at each coverage,
the VONc molecules occupy the maximum space aveilamn adsorption energy of 4.05
eV/molecule is obtained at ¥4 ML and 4.32 eV/molecat ¥2 ML. Assuming that
adsorption energy is constant with coverage, weaaeethe two values to obtain 4.2
eV/molecule, in fairly good agreement with the walof 5.5 eV obtained from DFT

calculations.

Figure 7.19.Relationship between shift in surface state bigdnergy and adsorption
energy, Ziroffet al. Red lines indicate surface state binding energfy ebserved for
VONCc on Au(111) at %2 and ¥2 ML surface coverage.
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7.4.2 Interface dipole
The experimental is -0.73(2) eVj.e.large andn the opposite directionf the

corresponding change of +0.21(1) eV for VONc/HOP@here a simple
microelectrostatic picture of oriented moleculgpales was sufficient to rationalize the
experimental finding. The theoretical analysis ig. 7.13 predicts that a push-back effect
is mainly responsible for this modification of ti@rk function. The sizable change of
the work function is indicative of the qualitatiyedifferent physics at the Au and HOPG
interfaces; therefore, a model of the VONC/Au ifgee as a simple addition of an
oriented dipolar layer to an inert surface as ugdVONC/HOPG is not sufficient.
VONC interacts with Au(111) with a strong wave ftion overlap and significant charge-
transfer towards the Au surface, but no specifiencical bonds are formed. Taken
together, these effects lead to a strong interéapele and a substantial decrease of the
work function, dominating any anticipated effeatsnfi the permanent molecular dipole
moment. While the presence of a molecular dipolenerat can still be used tofluence

, explicitly interfacial interactions dominate in the case afgé, flat organic
semiconductors on surfaces with a large density of states near thddveimi

Note that in contrast to MP¢§.*®there is no significant charge-transfer from the

V d-orbitals to the substrate. Table #&ports the total atomic net changes from
population analysis for the isolated VONc and thilde configuration. The charge
difference on vanadium decreases by only 0.01es ddm be traced back to the relatively

large distance (3.8 A , see Tab.7.1) between thadiam atom and the surface.



281

Table 7.2.Net charge (in e) from population analysis for adandicated in Fig. 9.4 for
the isolated VONc SAM and the bridge configuration.

Even though the conventional analysis presentdéign7.13, generally used to
understand the effect of SAMs on interfacial elewir structuré?>® captures the total
work function shift, it is based on the densityegrated across the whotg plane, thus
averaging out all in-plane effects. These turn heweut to be extremely important for a
molecule as large as VONc in particular and likedly many other flat-lying organic

semiconductors. Further insight into the naturehef surface density modifications can

be obtained by considering the charge differencp,5malculated both in they-plane at

z= 1.4 A above the Au surface (Fig. 7.20a)) — cqoesling to the maximum positive
peak in Fig. 7.13 — and in tlmxplane containing the vanadyl group (Fig. 7.20B).

7.20 shows that there are regions of large eleatlemsity increase (white) below the
center of the molecule, below hydrogen atoms, andhe interstitial space between
neighboring VONc molecules. At the same time, theme regions with a net electron
density decrease (brown) in other regions of théeeoube, below external nitrogen atoms
(N2 in Fig. 7.10) and below the naphthalo-branchedirst sight, Fig. 7.20 appears to

show that the push-back effect is dominated byntiodecular-backbone repelling the
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electronic density towards the area between theeecntds. However, careful inspection
of Fig. 7.20 reveals that the push-back effectugeqgdifferent at different points of the
molecular backbonee(g near the external nitrogen N2); moreover, the dgns

increasedn the center of the molecule, precluding a simpterpretation dominated by

the molecular backbone.

b)

Figure 7.20.Charge difference map for bridge configuration )inheexy-plane atz= 1.38
A above the Au surface (see horizontal line in pajeand b) in thexplane containing
the vanadyl group (see horizontal line in panel a))
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The overall rationale of using dipolar moleculesls@as in SAMs or organic
semiconductors with intrinsic molecular dipole matseis to influence energy level
alignment and electronic structure at the interfddee presence of a layer of oriented
molecules with sizable molecular dipole moment mtetectron-rich surface such as
Au(111) is thus expected to have a significantuefice on the interfacial electronic
structure. Fig. 7.20b) shows however that the ieduelectronic density below the
vanadium atom is quite small and comparable in nbage to the density induced
between molecules as well as below hydrogen atdhis.is quite surprising considering
the strong V-O dipole, expected to attract largetednic density in the interfacial space.
This suggests the molecular dipole moment is ndy fdeveloped in the interfacial
region. Indeed, even in the isolated monolayergthetrostatic potential does not display
the two-lobed structure of a classic electrostdijiole, as can be seen in Fig. 7.21a) in a
cut through thezx plane. While the negative lobe due to the oxygeswrgdh is clearly
visible above the molecule, the positive chargéhefvanadium atoms is screened below
the molecule by the quadrupole moment of thedectron system, and the corresponding
positive lobe is missing. This screening by therMg system destroys the notion that a
dipolar MNc can to first order be adequately repnésd as a point dipole.

Importantly, when the molecular monolayer is comeédo the gold substrate
(Fig. 7.21b)), the profile of the electrostatic gatial hardly changes. The difference of
the two potentials, with and without Au surfacesli®wn in Fig. 7.21c). This potential is
slightly positive on the gold side of the interfased decreases above the surface to

negative values. The overall appearance of thierpial profile resembles that of an
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extended dipole, creating in effect the appearaficke bond-dipole as presented in Fig.
7.13. Note that there is a significant potentiabrfagation” along the molecular plane
due to the local electrostatic effects. It is imsthense that VONc retains some of the
point-dipole character used successfully to undadsthe interfacial electronic structure
of VONCc/HOPG. Clearly, higher multipoles have angigant contribution to the

electrostatic potential as well.
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b)

Figure 7.21.Electrostatic potential in they-plane containing the vanadyl group for the
isolated monolayer a), the VONc/Au(11l) interface &) The potential difference
between isolated monolayer and the monolayer ol Bi)(
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Looking back, it is remarkable that for an extendedjugated molecule such as
VONCc a simple perspective of vacuum level changes plond dipole, the latter obtained
from the plane-averaged charge-density differepiedgds a good description of the work
function change upon VONc adsorption. This perspecppears to permit a discussion
of the interfacial electronic structure of dipotaganic semiconductors such as VONCc in
the context of the body of work on SAMs even thogglkeh molecules are in extended
contact with the surface. Crucially, charge-dendifference and electrostatic potential
maps show that control of interfacial energy leaégnment may in fact be better
obtained by tuning aspects of the molecular streatithin the molecular planerather
than by adjusting multipole moments perpendicuathe molecular plane, in contrast to
the dominant design paradigm. Targeted modificatiohthe local electrostatic fields
generated by partially charged atoms within theemgar plane have thus the potential
to control the interfacial electronic structure evie@ the event of negligible charge-
transfer upon adsorption, and many different mdé&carchitectures can be envisaged to

accomplish this goal.

7.5 Conclusions

In this combined experimental and theoretical study investigated the
interfacial electronic structure of the dipolar angc semiconductor VONc on Au(111). It
was experimentally observed that the interfaceldifolargely affected by the'ML of
adsorbate, whereas increasingly adding adsorbae continue to change the vacuum

level, but at a much slower rate. Therefore nedMLlcoverage is the most applicable
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adsorbate thickness to study the interface dipol¢his system. Adsorption of 1 ML

VONCc on clean Au(111) results in an experimentaldong of the work function by

0.73(2) eV. The intensity profile of the HOMO afuaction of angular emission at 1 ML
is consistent with that of a layer of flat-lying tecules. For dispersion-corrected DFT
calculations of this interface with molecules oé ttame orientation, the work function
shift is in good agreement. The observed work foncthange is made up from a minor
electrostatic component, generated by the arragriehted VONc, and a bond-dipole
component reflecting negligible charge-transfer argknsive push-back. The VO dipole
moment does not show significant interaction witle tmetal substrate since it is

substantially screened by the Nc ring itself.
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CHAPTER 8

INVESTIGATION OF VANADYL NAPHTHALOCYANINE/AU(111) INTERFACE
USING TWO-PHOTON PHOTOEMISSION SPECTROSCOPY

8.1 Introduction

In Chapter 7, it was shown that vanadyl naphthalome molecules on an
Au(111) surface interact through the presence adlaaotrostatic push-back effect rather
than strong charge-transfer interactions. VONc gutgmn energies were estimated using
the surface state peak shifts for coverages up tdl*asing ultraviolet photoelectron
spectroscopy. At larger coverage, the UPS techniga® no longer able to detect the
presence of the surface state. In this chapteh th# use of two-photon photoemission,
the surface state was detectable at VONc covettagesviL allowing for more accurate
calculations of the VONc adsorption energy on thg1A1) surface. Furthermore two-
photon photoemission can be used to examine un@xtgpates in addition to occupied
states. One unoccupied state of interest is thd ) (image resonance, since this state
acts as a sensitive probe to the chemical envirohjest above the bare Au(111)
surface. In this chapter, the Au(111) image resoaas examined on both bare Au(111)
and as a function of VONc surface coverage on AL)11

This chapter is organized as follows: In SectioB & brief description of the
experimental set-up is given; in Section 8.3, TRRIEA bare Au(111), sub-ML to ML
coverage of VONc on Au(111) is presented; Sectigniicludes a discussion of trends
observed for several of the interfacial states aetein the spectra; and finally the

chapter will close with a brief conclusion in Seat8.5.
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8.2 Experimental

The polished Au(111) crystal was purchased fromdeton Scientific (99.999 %
purity). Upon initial introduction into vacuum, tleeystal was annealed overnight at 550
°C and then repeatedly sputtered with &2 keV, 25 A, Ar pressure 1.2 x IDmbar,

30 minutes) and annealed (550°C, 1 hr) again goodeposition. The presence of a

clean, ordered®2” +/3surface was established by the appearance of #rp Jlamm and
strongly dispersive Shockley states (effective nmags= 0.27(2) ) in angle-resolved UPS
and a work function of 5.50(1) eV as shown in s thapter.

The sample was introduced into the photoelectrectspmeter (VG EscaLab MK
II) equipped with an integrated sample heater, alhdpectra were obtained at room
temperature. Each film was first analyzed usinglHePS (SPECS UVS 10/35, 30°
angle of incidence from normal) in order to conficmverage and global vacuum level.
The vacuum level was measured by the procedurénedtin Chapter 5. TPPE was
initiated using the same conditions as describe@hapter 6. The analyzer acceptance
angle was restricted to + 1.5° for both normal tetet emission and dispersion
measurements. To measure dispersion, the sampleotédad in its holder along an axis

perpendicular to both the principal spectrometeis aand the laser beam. Angular
-1 -1

measurements extended typically fréqn= -0.1 A to k; = 0.1 A~ with a momentum

resolution of 0.03 ,& Here k is the momentum component parallel to the surface.

The effective mass was determined by measuringutigellar dependence of the

photoelectron kinetic energy. Singg is conserved upon photoemission, its value was



290

obtained from

- J2mE,. 8.1

| =————sing

wheremg is the electron mass in vacuuBy, is the kinetic energy of the photoelectron as
it leaves the sample.€. before the -3 V bias has accelerated the elecand) is the
emission angle relative to the surface normal. ¢ sie values obtained fdgj in eq. (1)

and fittingEsnal(k;) to a parabola affords the effective magg

8.3 Results
8.3.1 Bare Au(111)

Prior to deposition of VONc on the Au(111) surfacan Au(111) was first
characterized with TPPE. In Fig. 8.1, several speot clean Au(111) are shown each
taken with different photon energies (intensities aot to scale) and in Fig. 8.2 the
photon dependence of the TPPE features is ploHteel features seen are the unoccupied
n = 1 image resonance (IR), the occupied Shocklefasel state (SS), the unoccupied
upper band edge (UBE), and several unoccupieddewehe upper band (UB). At 5.1 eV
excitation energy the intensity of the Au(111) aod state is strongly enhanced as seen
in Fig. 8.3a) and b). This is consistent with th®ion dependence in Figure 8.2 which
shows that at this wavelength the image state hadstirface state are resonant: The
Au(111) Shockley surface state located at -0.4 eMvb the Fermi level is in resonance
with the image resonance located at 4.7 eV aboeeFgrmi level, leading thus to

resonance enhancement of the two features. FiguBb) &hows surface state to
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background intensity ratios, illustrating the remoce enhancement at 5.1 eV photon

energy and an abrupt drop in surface state inteasiteither side of the resonance.

Figure 8.1. High final state energy side of TPPE spectra of{1Ad) obtained with
several different photon excitation energies (iathd on the right side of plot). The
features shown are the Shockley surface state)(bilne upper band edge/upper band

(green), and the = 1 image resonance (red).
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In figure 8.2, the image resonance peak centeotisimown below 4.7 eV photon
excitation because it is not accessible at theséophenergies. From the spectra where it
is accessible, a slope of = 1.03(5) was obtained. In contrast, the bare Aljkurface
state can be observed with all photon excitatioergies employed in this experiment,
resulting in a slope om = 1.99(1). The slope of the upper band edge vedpect to
photon energy changes abruptly at an excitatiorggnef 4.60 eV. This energy
corresponds to the energy difference between thegied lower and upper bands (seen
in Chapter 7). Once the upper bulk band becomessatie from the lower bulk band,
transitions to states above the upper band edgefearered. There is also an
accompanying intensity increase, since the couphatyix element is larger between the
bulk band levelsThe slope of the upper bamd excitation energy has a valuerf= 1.6.
Such a slope can be obtained if electrons are paxhfoom the lower band edge to the
upper band and hot electrons relax to a state tiliglower in energy before
photoemission. A second possibility is that eletsrare originating from lower energy

levels in the lower band with the use of greataitakon energies.
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Figure 8.2.Final state energy dependence on photon energetiks SS, IR, UBE/UB;
m = 1.03(5) for unoccupied IR state, = 1.99(1) for occupied SS, ami= 1.04(6) for
unoccupied UBE, anoh = 1.60(4) for UB.
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Figure 8.3. a) Two-photon photoemission spectra of clean Alfldbtained with

photon excitation energies of 5.10 eV (black) ar@74eV (red). Peaks seen are UBE:
upper band edge, SS: surface state, and IR: inesgmance (shoulder in red spectrum).
b) Surface state to background peak intensity rasica function of photon excitation

energy.
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The energetic origin of each of the bare Au(11X¥)dsashown in Figure 8.4 were
determined based on their occupancy (slopef 1 or 2 in figure 8.1b)) and their final
state energy. The values obtained in this expetimenin close agreement with literature

valuest"**%confirming the assignment.

Figure 8.4.Energy level diagram of the electronic statesasEbAu(111) observed using
TPPE.
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Using AR-TPPE, an effective mass for both the SSWBE were determined, as
shown in Figure 8.5. The angle resolved spectrae iethe same way as descibed in
chapter 7, using a split Pearson VIl profile forake obtained near normal emission
angles that are easily resolved from the Fermi edgd a Pearson VIl convolved with

the Fermi function for angles where the peak mengiesthe Fermi edge.
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Figure 8.5.a) AR-TPPE spectra of bare Au(111). Photon exoita&nergy 4.66 eV. b)
Upper band edge kinetic energy as a function adlfgirmomentum, parabolic fit gives
effective mass of 0.18(4n.. c) Surface state kinetic energy as a functiopadfllel
momentum, parabolic fit gives effective mass o2(32me
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As can be seen in figure 8.5a) from the changhkarfihal state energy of the peak
centers with emission angle, both of these stategjate delocalized. A parabolic fit of
the peak centers versus parallel momentum using Bdnresults in a surface state
effective mass o = 0.22(3) and UBEns = 0.18(4). However, since these AR-TPPE
spectra were obtained with a photon energy of 4¥6the dispersion value assigned to
the UBE is more likely for a level in the upper lbbland that lies close to the upper band
edge. The true effective mass of this state mdgrdifom the value obtained because this
value is only a measure of the parallel momentummpmment. Using the parallel
momentum only, an accurate measure of effectivesroas only be obtained for surface
states, because they do not have a perpendicul@aentam component. In contrast, bulk
bands are not confined in the surface-perpendiditaction and the true effective mass

contains a perpendicular momentum component as well

8.3.2 Addition of VONc to Au(111)

Figure 8.6 shows TPPE spectra of increasing coeetdgVONc on Au(111)
obtained with 4.83 eV excitation energy. The irdeidl states that will be the primary
focus of this chapter; the Shockley surface state,l image resonance, and: 2 image
resonance, are highlighted in the spectra. As easelen in Figure 8.6, the deposition of
% ML on Au(111) suppresses the surface state apdrupand edge, both of which are
associated with the underlying gold substrate. A¥ll.coverage, the Au(111) Shockley
surface state is further suppressed and a defshite in binding energy is detected.

Simultaneously, then = 1 image resonance begins to grow in intensitgsymably
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because its lifetime is increasing as it begindissociate from the bulk band of Au(111)
(discussed in Section 8.4). By 1 ML, the= 1 image resonance has grown considerably
in intensity, and an = 2 image state, which becomes energetically aduesat % ML is

also apparent in the spectra.

Figure 8.6. TPPE spectra obtained at a photon energy of 4.88neN; = 0 Alforo-1
ML annealed films of VONc on Au(111).

Since then = 1 andn = 2 IR are most clearly visible at % and 1 ML, lpéts are

shown as a function of photon excitation for 1 NiLfigure 8.7. Peak assignments based
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on photon energy dependence are shown in FigureT& features observed at 1 ML
VONCc coverage and their accompanying photon deperele are:m = 1.05(1) for
unoccupiedn = 1 IR statem = 2.04(2) for occupied SSn = 1.94(2) for occupied

HOMO, andm = 1.09(7) for unoccupied= 2 IR.
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Figure 8.7. High final state energy side of TPPE spectra of 1 WONc on Au(111)
obtained with several different photon excitatioremgies (indicated on the right side of
plot). The features shown are the= 1 image resonance (orange), the 2 image
resonance (violet), the Shockley surface stateejphnd the VONc HOMO (red).
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Figure 8.8. Final state energy dependence on photon energylitML VONc/Au(111)
film for peaks SS, n =1 IR, and n = 2 IR; m = XX)5or unoccupied n = 1 IR state, m =
2.04(2) for occupied SS, m = 1.94(2) for occupie®NHD, and m = 1.09(7) for
unoccupied n = 2 IR.

In Figure 8.7, most of the assigned states ararapp however, the = 2 IR is
much more difficult to detect. Therefore spectraemabtained in smaller photon energy
increments, h , using photon energies in which the 2 IR is accessible. These spectra

are shown in Figure 8.9.
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Figure 8.9. High final state energy side of TPPE spectra &fill VONc on Au(111)
obtained with high photon energies in smdil increments (shown on right side).

In the next section, binding energies and disparsif each of the interfacial

states, S =1 IR, andh = 2 IR, will be examined individually.

8.3.2.1 Shockley surface state

Consistent with UPS spectra presented in Chapténe/ pare Au(111) surface
state peak shifts to lower binding energy with @asing VONc coverage (Figure 8.6).
This is evidence of a push-back effect taking planethe surface and will be further

discussed in section 8.4. The Au(111) surface sta® observed at 0.4 eV below the
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Fermi edge on the clean gold surface. Between 0/amdlL coverage, the surface state
profile changes quite dramatically as seen in 8g816. The principal spectral changes
are: i) The bare Au(111) surface state diminishesty in intensity, and ii) the bare
Au(111) surface state shifts to a lower bindingrgpe The intensity depletion of the
Au(111) surface state is not surprising consideringt the pristine gold surface is
modified by the presence of VONc. The shift in gyeis also expected for systems with
a strong push-back effect such as that modeled@\c on Au(111) in the last chapter.
Figure 8.10 shows an intensity map of ¥4 ML VONcAu(111) obtained with a photon
energy of 4.83 eV as a function kf. At %2 ML coverage, the surface state is still the
primary feature on the high final state energy sitléhe spectra (see also Fig. 8.6). The

binding energy shifts to 0.37 eV and the effectivass oimes = 0.28(3)me is obtained.
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Figure 8.10.a) Intensity map of ¥ ML VONCc/Au(111) obtained with83. eV photon
energyvs. k. Au(111) surface state, parabolic fit resultsmg = 0.28(1)me. Binding
energy is -0.37 eV &; = 0.

Figure 8.11a) shows AR-TPPE several spectra olitaitea photon energy of
4.15 eV of % ML of VONc on Au(111). As seen in Figw8.7, the image resonance and
surface state overlap at this excitation energywéi@r, the less dispersive image
resonance can be seen to separate from the maersiie surface state at off-normal

angles associated with higher parallel momenta,amédffective mass afir = 0.23(3)
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me is fit to the surface state. Since the dispersibthe Shockley surface state is left
largely unaltered from O to 1 MLE VONCc coverages thost noticeable change in the SS
with the addition of VONCc is the decrease in bingdenergy. The stability of the noble
metal effective mass with adsorbate coverage rexs la@en observed in several other
systemg 9181182 Taple 8.1 summarizes the binding energy and digmerobserved of

the surface state between 0 ML and 1 MLE VONCc oflA().
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Figure 8.11.a) Angle-resolved TPPE surface state spectra atl3/®INc coverage on
Au(111). At angles furthest from O deg, the lesspdisive image resonance shoulder
becomes visibly separated from surface state pggakffective mass fit for surface state
peak centers as a function of parallel momentunth& region where dispersion is
parabolic, beyond this region peak widths broaded mcrease in asymmetry to an
extent that peak centers are difficult to identify.
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Table 8.1. Summary of binding energy and effective massesrobd for Shockley
surface state at different VONc coverages.

8.3.2.2 Image resonance

The work function shift associated with %2 ML VONaverage from that of clean
Au(111) is almost 600 meV. The image resonanceae Bu(11l) is found at 4.7 eV
above the Fermi level, while at %2 ML VONCc coveraitpe, image resonance is detected at
4.0 eV above the Fermi level. This correspondselgrwvith the vacuum level shift, but
indicates also that the binding energy of the imagg®nance increases from 0.8 eV on
bare Au(111) to 0.9 eV with ¥2 ML VONCc coverage.

To determine the extent of localization of the gaaesonance, AR-TPPE spectra
were obtained using a photon energy of 4.83 eVdrder to observe the image resonance
dispersion when not resonant with the surface .s@idy a tentative spectral fit of this
severely spectrally congested region is possibi@nRhis, anmg » 0.6 is obtained for
then = 1 IR. Overlapping spectral features of this oegalso include the non-dispersive
HOMO (gold dashed line) and the upper band edgee(gdashed line); the latter is quite
dispersive prior to addition of VONc, but appearsalized at VONc coverage of %2 ML.

A blue curve indicating the approximate surfacdesfosition is also shown. Afoints
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other than , the surface state intensity diminishes considgradind a quantitative

dispersion could not be obtained at 4.83 eV.

Figure 8.12.AR-TPPE of %2 ML VONc on Au(111) obtained at 4.83. 8éntative fit of
image resonance peaks resulted in effective masg;ef 0.6Me.
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From ¥2 ML to 1 ML VONCc coverage, the vacuum legehtinues to decrease by
a further 140 meV, for a total shift of 740 meV.elimage resonance continues to be
pinned to the vacuum level between ¥2 ML and 1 MLN&overage, as seen in figure
8.6, maintaining a binding energy of 0.9 eV

By 1 ML coverage, the new spectral position of itlhage resonance is 3.88 eV
above the Fermi level. In order to determine thiemxof image resonance delocalization
at 1 ML VONCc coverage, AR-TPPE was obtained usidg8 eV photon energy, leaving
the image resonance spectrally well-separated thenother features. Figure 8.13 shows
the corresponding intensity map of 1 ML VONc on Al{) as a function ok;. An
effective mass ofme = 0.51(4)me is obtained. Intensity from the= 2 image resonance
is also detectable in figure 8.13. The effectivessnaalue assigned to time= 2 image
resonance is tentative because as shown in Figoréh@n = 2 image resonance overlaps
with the surface state at an 4.90 eV excitationrggneSince the intensities of both peaks
are very weak, it is not possible to separate wueedpectral components evenkat! O.
However, at other excitation wavelengths, an effecmass ofmg = 0.25(3)me was
obtained for the surface state, leading to theliiked that themy value obtained of

0.78(4)me is largely due to the = 2 image resonance.



311

Figure 8.13.AR-TPPE spectra of 1 ML VONCc/Au(111) obtained wjithoton energy of
4.90 eV with parabolic dispersion fit to= 1 image resonance resultingngs = 0.51(4)
me and parabolic dispersion fit to surface state laypging with then = 2 image
resonance resulting imes of 0.78(4)me. Since a surface state effective mass of @5
was obtained from those 1 ML AR-TPPE spectra wiseméace state is isolated from
other peaks, the = 2 image resonance makes the larger contribttiadhese dispersion
data.

Table 8.2 summarizes the binding energy and digpetsends observed of the
image resonance as a function of VONc coveragee Nbat the dispersion was
unobtainable from bare Au(111) due to the very shfatime of the image resonance

coupled to the bulk band.
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Table 8.2. Summary of binding energy and effective massesrgbd for image
resonance at different VONc coverages.

Figure 8.14 summarizes the change in energy df state upon transitioning
from bare Au(111) to 1 MLE VONCc on Au(111). It che seen in this diagram that the
image resonance largely tracks the vacuum leval, that the surface state binding
energy decreases with VONc coverage. Tirre 2 IR and the VONc HOMO are both

states that appeared after the addition of VONCc.

Figure 8.14.Summary of electronic energy levels observed wiHPE of bare Au(111)
and of 1 ML VONc on Au(111).
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8.4 Discussion

8.4.1 Shockley surface state binding energy

The binding energy of the Shockley surface state @@served to decrease with
increasing VONc coverage up to ¥2 ML in the lastpteg and was then no longer
detectable. Using TPPE, the detection of the serfsiate was extended to 1 ML
coverage. This is likely due to the larger electescape depths at lower energies, since
electrons emitted using TPPE have lower kinetiagige than those emitted using UPS.
From the surface state binding energy at 1 ML, a\¢@dsorption energy of VONc on
Au(111) can be estimated. As discussed in the dhapter, Pauli repulsion from an
electron rich adsorbate pushes electron densitiyeasurface of the noble metal towards
the bulk, thereby destabilizing the surface stat# @ausing it to shift to lower binding
energies. While the direction of the surface stateling energy shift gives insight to the
type of charge redistribution taking place at thefaxce, the magnitude of the shift can
supply a quantitative estimate for the adsorptioergy of VONc on Au(111). Following
the relation presented in the last chapter, fronofZiet al,*®® which relates the shift in
surface state binding energy to molecular adsanpizergy, an absorption energy of 16
meV/A? for 1 ML of VONc on Au(111) can be inferred baseu the observed surface
state binding energy shift of 150 meV between 0 anML. Using 1 ML packing
densities from STM measuremefitsa single molecule occupies 28%./ACombining
these values results in an adsorption energy ofe¥.6per molecule, in respectable
agreement with the value of 5.5 eV obtained frospdision-corrected DFT calculations

for this system and reported in the last chapthrs @dsorption energy estimate is more
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accurate than the values obtained in the last eh&mm surface state shifts at ¥ and %
ML, since no packing density assumptions have tabde for 1 ML; rather the density

is obtained directly from STM data at this coverage

8.4.2 Shockley surface state effective mass

In agreement with UPS data presented in the laspteh, the Shockley surface
state observed with TPPE remains delocalized upining VONc to the Au(111)
surface. This delocalization persists to 1 ML VOWNaeoverage. The observation of
dispersive surface states despite adsorption ha&h Weported for several other
Au(111)/adsorbate systems, including Xe, Ar, PTC¥#d NTCDAZ®%183184.185Thq
consistency of the Au(111) Shockley surface stdfecive mass before and after
adsorbate absorption can be attributed to the pribxiof this state to the bottom of the
surface projected band gap in accordance with tese shift model which correlates

band position with effective mad§'®?

8.4.3 n =1 Image resonance binding energy

The bare Au(111) image resonance has a bindingyem#r0.8 eV, increasing to
0.9 eV upon initial adsorption of VONc. Similar Aud(1)n = 1 image resonance binding
energy changes have been observed previously wit. -adsorbate coverad&® The
VONCc film is not acting as a simple dielectric layen top of Au(11l), since the
measured BE should have decreased due to scremgaglless of the thickness of the
film.**® The observed increase in binding energy must fiierée due to coupling of the

image resonance to an affinity level of VONc, agady observed for VONc on HOPG.
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Affinity level coupling effectively “pins” the bindg energy of the image potential state
level, drawing electron density into the molecuian and resulting in unusually large
binding energies of the image resonaffcédowever, the image resonance is not
completely decoupled from the vacuum level in #ystem, since it largely follows the

vacuum level shift of 740 meV between 0 and 1 MLN&Xoverage.

8.4.4 n =1 Image resonance effective mass

The image resonance observed in the Au(111)/VONstesy is surprisingly
dispersive when compared to other studies of tlupeties of the Au(11l) image
resonance upon adsorptibfi®’ A fit to the Au(111)/VONc at an excitation energf
4.90 eV at 1 ML coverage results in an effectivesgnaf me = 0.5me At this photon
energy, then = 1 image resonance peak was the most isolated @ther spectral
features. However, AR-TPPE data were obtained atdthier excitation energies for 1
ML coverage, as shown in Figure 8.15 and 8.16. &tfiective mass values obtained
using these excitation energies, 4.66 eV and 4M9were 0.9(1)me and 1.0(2)m,
respectively. These values are more similar torashedies with similar systems which
have reported effective masses closer m..10ne possible explanation for the strongly
dispersive image resonance is that at 1 ML coverdge in close proximity to the
Au(111) upper band edge. The upper band edge ef dafl11) was found to be highly
dispersive as shown in figure 8.4a). However, byML2VONCc coverage, the upper band
edge appears to be completely non-dispersive.dossible that these states are in close

spectral proximity, and their dispersion assignmesite less separable than initially
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anticipated. Another possible reason for the im@Eg®nance to appear more dispersive
could be the proximity of a vastly spectrally upf&d surface state, as recently claimed
in the Au(111)/Go systent®® Such a large shift would imply however extremeighh

VONCc adsorption energies, which seems rather uglikased on the assignment of the

observed 1 ML surface state and dispersion-comdtel calculations for this system.

Figure 8.15.AR-TPPE spectra of 1 ML VONCc/Au(111) obtained wjithoton energy of
4.66 eV with parabolic dispersion fit to= 1 image resonance resultingnggz = 0.9(1)
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me. Red dot indicates single observatiomeaf 2 image resonancelgt= 0 At

Figure 8.16.AR-TPPE spectra of 1 ML VONc/Au(111) obtained wghoton energy of
4.49 eV with parabolic dispersion fit to= 1 image resonance resultingnggz = 1.0(2)

Me.

Then = 1 IR intensity pattern as a functionlqfwith excitation energy is highly

unusual and somewhat puzzling. The oscillationsh Wjt hint at possible quantum
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interference effects, perhaps also affecting thecgfe mass.

8.4.5 n =2 Image resonance

A second image state is visible in spectra takgh photon energy > 4.66 eV at
¥ and 1 ML, as can be seen in Figure 8.6. Thig $tas a binding energy of 0.15 eV at %
ML and 0.11 eV at 1 ML with respect to the vacuwevel. By 1 ML, the vacuum level
decreases to 4.77 eV, making this state more gbnerecessible with the available
photon energies. In Figure 8.4, it can be seen tthiatstate lies close in energy with
respect to the Fermi level to the clean Au(l1ll)genaesonance. However this peak
cannot be assigned as the bare Au(1il2) image resonance for two reasons: i) It grows
in intensity with VONc coverage and ii) the pealdthiis quite narrow. A bare Au(111)
IR is expected to become suppressed with coveramh ifike the surface state and upper
band edge peaks. It is however possible that teaydeoute to bulk Au(111) becomes
less efficient with adsorbate coverage, leading kanger lifetime of the image resonance
and thus an increased intensity. If however thepliog of the IR to the bulk band were
altered, it would follow logically that the assded IR is no longer that of pristine
Au(111). It seems more likely that indeed the dexaye to the bulk is altered by the
adsorbate, and the small binding energy of thisest likely due to the absence of
coupling with an affinity level. In this case, VONkts as a dielectric, screening the
image charge and hence pushing the wave functiomrtb the vacuum side of the

interface. Consequently, this results in a lowerdlyig energy with respect to vacuum
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and longer lifetime of this state. This explanataso accounts for the narrow peak width
of about 150 meV. The upper bulk band of Au(11lieeds above the vacuum level,
thereby making this state an image resonance. afpidmage resonances have very
broad peak widths associated with their short-livedure since there exists a very
efficient route for electron transfer to the bulknbls. However, thean = 2 image
resonance demonstrates a very narrow peak widthsistent with that of an image
resonance that is no longer coupled to the bulkidukelectric screening by an adsorbate

layer.

8.4.6 Fano resonance

The various possible resonant excitation pathwdyken = 1 IR at 1 ML (see
Fig. 8.8) suggest a potential role of quantum fetences in th@ = 1 properties. Both
= 1 and SS are resonant with bulk bands whiletktraorresponding to 2D-confined
surface resonances. Such effects, perhaps alreaityl fat in thek; dependent intensity
maps, should manifest themselves in non-Lorent@aonance profiles as a function of
excitation energy. Particularly, a Fano resonanightbe expected potentially visible in
the shape of the intensity dependence of both uhface state and the image resonance

on excitation wavelengtf® A Fano resonance occurs when the transition matrix
elements from a ground stdte, to both a discrete excited level,, and an excited
continuum bandlSE>, are of similar magnitud€® Additionally, the continuum band

must be coupled to the discrete level. In this ¢asan be populated via two competing

pathways: i) Direct photo-excitation from the grdustate and ii) Excitation of the
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(strongly) coupled discrete unoccupied level, e 1 IR. A diagram of this situation is
shown in Figure 8.17. Upon passing through thenasoe, there is an accompanying
phase shift of between the discrete and continuum band. Deperadirttpw the phases
are aligned initially, constructive interferencellvaccur on one side of the resonance,
and destructive interference on the other, leadingn asymmetric intensity profile.
Equation 8.2 gives the well-known resulting asynrioentensity profile caused by such

a Fano resonance:

S(E)=sa(q+e)22 +s ,e=(E- E)I(G/2) 8.2
(1+e) :

whereE; is the resonance energy,s the natural width of the resonanceis the Fano
parameter describing the contribution from a sirggleupied initial state to a continuum
of unoccupied final states, represents the cross-section of the continuunmaf étates
that interact with the with the single initial staand , represents the cross-section of the
continuum of final states that do not interact wilie initial state. As a result of the
guantum interference in a Fano resonance, the atixeit energy that induces the

maximum peak intensity is offset and thus doesenotte with the resonance energy (the

resonance energy is equal to the energy sepatatioreen|i) and|n)) .

In Figure 8.18a), the image resonance peak intersita function of photon
energy is fit with such an asymmetric Fano profilee n = 1 IR peak intensities are
scaled from spectra at different wavelengths by mamng the peak to background

intensity, where the background intensity is deteedt at a photon energy where
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coherent emission from the Au(111) substrate ieniesl. This method relies on the
assumption that the transition matrix element o thulk gold band is moderately
insensitive to small changes in excitation enefye Fano fit to the intensity profile
results in an intensity maximum at 4.12(3) eV extwin energy, corresponding closely
with the resonance energy between the surface &b eV) and image resonance
(3.89 eV). The lack of offset between these ensrmidicates that interference may only
play a minor role. The shape of the Fano profikults in a fairly good fit, however, the
error bars are too large to assign a high degresemdinty to this fit. Additionally, an
equally reasonable fit is attainable using a symmeeak profile with very large value
of the Fano parameter (minimal Fano resonance)oapping the Lorentzian limit,
shown in Fig. 8.18b). It would be helpful to haleta for photon energies < 3.9 eV for a
better determination of the symmetry of this pefihowever this is outside of the
accessible range of the current laser set-uphelfit= 1 IR was accessible only from the
surface state, the intensity of the image resonaacad be expected to approach zero for
excitation energies that differ significantly fralre SS ta = 1 IR energy difference. As
seen in Figure 8.18, this is not the case. Itasitde that the residual= 1 IR intensity at
excitation energies off of the SS mo= 1 resonance energy difference is coming from
non«k-conserving transitions from the Au(111) lower bblnd. It can be seen that the
= 1 IR intensity increases slightly just above é\Bexcitation energy, at this energy, the
n =1 IR becomes accessible gtk0 from the lower bulk band. The idea thative 1
image resonance is coupled to the lower bulk bamddcbe support for a 2D Fano

resonance. However in the case of a 2D resondme&hockley SS should be coupled to
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the lower bulk band as well. This is however ugllyk considering that the Shockley SS

resides energetically in the bulk band gap.

Figure 8.17.Interference of two different pathways for excibati giving rise to a Fano
resonancé®® Excitation can occur from discrete ground s@e,to discrete excited

level, |n); and simultaneously from discrete ground stste, to bulk band,/S;). |n)
and|SE> are coupled an¥l, is the overlap integral between the two.
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Figure 8.18.a) Asymmetric Fano profile fit to IR = 1 peak intensity as a function of
photon excitation energy. Fit with fixegfil= 5. b) same as in a), but symmetric fit with
g = -800 reaching Lorentzian limit.
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8.5 Conclusions

Using TPPE, the Shockley surface state was obdepast ¥2 ML coverage,
allowing a better estimate of the adsorption en@fgyONc. Additionally, the presence
of n = 1 image resonance and= 2 image resonances were detected. These amdylarg
pinned to the vacuum level, with mild mixing of the 1 image resonance with a VONCc
anion state as seen by the slight binding energiease in the presence of VONc. The
Shockley surface state retained its highly dispersiature with the addition of VONCc,
however, the binding energy did shift as a restilPauli push-back effect. The = 2
image resonance was screened from the Au(111)dby®Nc film acting as a dielectric
layer. This effect resulted in a lower= 2 binding energy and a longer life-time leading

to a narrower peak width.



325

CHAPTER 9
CONCLUSIONS AND FUTURE DIRECTIONS

9.1 Conclusions

The studies presented in this work were aimed tdsvarbetter understanding of
the fundamental physics of the electrode/organitecute interface in both the ground
and excited state manifolds. Systematic investigatiof single systems were undertaken
in order to assess the evolution of the electretmacture and molecular organization at
the interface. The adsorbate molecule vanadyl hapdtyanine (VONc) was used whose
properties are well-suited to this purpose. | hslvewn that molecular electronic levels in
both the ground and excited state manifolds cait isloiependently of the vacuum level,
thus influencing the interfacial charge-transfevgass between close lying substrate and
adsorbate energy levels.

The progression of my work began with the studygodund state adsorbate
interfacial electronic structure as a function ibhfthickness on a non-reactive substrate
in Chapter 3. It was demonstrated that at the VEIRE/G interface, both the vacuum
level and molecular energy levels shift, howeverdifferent amounts and in different
directions. It was shown that this is a naturalsemuence of the electrostatic potential in
the far-field region several tens of A above thdame and the near-field region with its
strong lateral variability and decreased potentigth increased coverage owing to
depolarization effects.

In Chapter 4, | examined the excited state regih¢he adsorbate electronic

structure to determine if these levels were aldlmenced by depolarization effects. It
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was shown that the excited state polarizability dimble moment can be measured in
annealed 0 — 1 ML films of VONc on HOPG. The pdalility increases substantially
upon excitation of the large heterocycle, indiagftihat strong local electric fields present
at interfaces significantly alter the molecularcéienic structure, with potential impact
on interfacial charge-transfer dynamics. The cotioeovas made that electron transfer
between close lying electron donor and acceptorggnevels could either become
enhanced or detuned due to energy level shiftsecaby depolarization effects as a
function of dipole density. In the next two chaptesuch effects were explored in the
case of electron transfer between the 1 image state of HOPG and a close lying anion
state of VONCc.

In Chapter 5, investigated the interfacial electronic structwfethin Ims of
VONCc on HOPG in the image state manifold. | obsérilee formation of two different
image-derived states existing in different coveraggimes. IS1, found predominantly
between 0 and 1 ML, is derived from bare HOPG argplays a binding energy
increased by the presence of a progressively atiglgiinear-resonant af nity level. This
state constitutes thus an image state/anion hytld HOPG image state character and
offers an excellent model system for interfaciabrge-transfer. In contrast, 1S2 is a
VONCc-screened image-derived state, somewhat stadilby a high-lying af nity level of
VONc and present above 1 ML-like areas in the IBoth coverage evolution and a
simple DCM-based estimate suggest that it is pinieethe near- eld potential of the
VONCc Im due to its substantial probability densitythin the molecular layer.

The oriented VONc molecular dipoles in the anneatath Ims studied
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demonstrate the direct impact of interfacial elestimtic elds on the molecular and hence
interfacial electronic structure. Perhaps even mamgortantly, these data suggest that
interfacial charge-transfer—observed here in thisgyof electron transfer from HOPG
into VONc—is strongly modulated by the presencesath elds. The coverage-
dependent continuous change of the VONc anion gnlenels permitted a detailed
observation of the energy dependence of interfamalpling between a large organic
semiconductor and the metal surface.

In Chapter 6, AR-TPPE was used to identify the gbdransfer mechanism
between the HOPG image state and anion affinityelle¥rom dispersion data, |
concluded interfacial charge-transfer was occurrivig a scattering mechanism.
Interestingly, experimental data also suggestttiascattering efficiency was dependent
on VONCc coverage, as the depolarizing affinity leseme in and out of resonance with
the HOPG image state.

In Chapters 7 and 8 interfacial effects were stlidhea system with the additional
complexity of molecule/substrate interactions. ther studies presented in these chapters,
HOPG was replaced by Au(111) due to its increasesitly of states in the Fermi region,
and the presence of potentially reactive surfaegestincluding Shockley and Tamm
states. The electron rich Au(111) surface led streng interface dipole upon addition of
VONc molecules. The exact nature of this interfdgeole was examined in depth in
Chapter 7, taking both a computational DFT appraaatollaboration with Fabio Della
Sala and an experimental approach in order to stated the transferability of the

electrostatics concept at this interface and pimipibie sources of the interface dipole. It



328

was determined that the observed work function gbais made up from a minor
electrostatic component, generated by the arragriehted VONc, and a bond-dipole
component reflecting negligible charge-transfer extégnsive push-back.

In Chapter 8, the Au(111)/VONc system was examinsthg TPPE. The
Shockley surface state showed significant destathiin confirming the strong Pauli
push-back effect and allowing for a better estimaiteahe VONc adsorption energy.
Additionally then = 1 andn = 2 image resonances were examined because tiatse s
act as sensitive probes of the chemical environjushtabove the bare Au(111) surface.
Then = 1 image resonance appeared largely pinned teatieum level with mild mixing
with a VONc anion state while the = 2 image resonance was screened by the VONc

acting as a dielectric layer.

9.2 Future Directions

9.2.1 Time-resolved measurements

The interface between VONc and HOPG offers an idgstiem to investigate the
effect of changing electrostatic environment orerfsicial charge-transfer rates. Some
insight has already been obtained by examiningtivelantensities as a function of
coverage. Charge-transfer rates between the cjasg HOPGn = 1 image state and
VONC affinity level can however be obtained dirgdily using time-resolved two-photon
photoemission. As the VONCc affinity level shifts @mergy as a function of coverage,
thus tuning and detuning energetically from the KBOP= 1 image state, the influence on

interfacial charge-transfer can be monitored asesult of the changing resonance
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between the image potential state and anion. Thesssurements can be made using
time-resolved pump-probe fs-TPPE with minor modifions to the existing

experimental apparatus.

9.2.2 Molecular engineering
In Chapter 7, it was shown that the extensive stk influencing interface

dipole formation is controlled by strong local détestatic fields induced by various
heteroatoms in the molecule, giving rise to a rmetdbdipole; at the same time, the VO
dipole moment is substantially screened by the iNg. rThis suggests that interfacial
electronic structure at electron-rich surfaces sashAu(111) may be more efficiently
controlled by manipulating the local electrostdigtds within the plane of the molecule
rather than along the surface normal, the currgmtbferred strategy. It would therefore
be interesting to study the interface dipole foioraton Au(111l) using a series of

naphthalocyanine derivatives with differently sutiosed side groups.
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APPENDIX A: ELECTROSTATIC SIMULATION CODE

Matlab code to calculate potential as functionmferage

Size=5;
array=150%number of molecules (per dimension) to includealtulation
pixels=100;%number of points per axis
perpixel=size*1E-7/pixels%spacing between pixels
potential=zeros(1,pixels)oinitializing output array
A=rand(2*array+1);%random number generator between 0 and 1
B=round(A-0.45%%round to zero for random number below 0.95, t® albove 0.95
alpha=(((B)*0.8)+1)*3.4E-22;5 percent of dipoles are alpha*1.8 and 95% aresdlp
z=2.7;%plane to take a slice through in A above bottordipble
x=0; %plane to take a slice through in A from the oridipole
y=0; %plane to take a slice through in A from the ioridipole
d=5E-8; %length of the dipole in cm
for theta=1:pixels
a=17E-8/((theta/pixels)".5)0spacing between molecules at full coverage
for I=-array:array
for k=-array:array

g=(4/5)*6.75E-11*(1+9*alpha(k+(arral)t+(array+1))*((1/(a"2))(3/2)))"-1,
%charge separation of the dipole in statcoulombs

potential(theta)=potential(theta)txfperpixel-I*a)*2+(y*perpixel-
k*a)"2+(z*1E-8-d)"2)".5-g/((x*perpixel-I*a) 2+ (y*pmpixel-k*a)"2+(z*1E-8)"2)".5;

end
end
potential(theta)=(potential(theta))*29R8*%convert potential from statvolts to

volts
end
potential=potential/max(potential);
xaxis=1:pixels;
xaxis=xaxis/pixels;
plot(xaxis,potential)% create plot
hold(all")
ylabel(Electrostatic Potential (V)yFontSize,14,FontName; Arial’ ); % create y label
xlabel(Coverage, FontSize’14); % create x label
potential=transpose(potential);
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Matlab code to calculate potential as a functior-gfposition at a given coverage

array=50;%number of molecules (per dimension) to includealtulation
pixels=256;%number of points per axis
size=10.8%size of plot in nm
perpixel=size*1E-7/pixels%spacing between pixels
potential=zeros(pixels,pixelsfoinitializing output array
ground=zeros(pixels)%initialize a value for ground (optional)
A=rand(2*array+1);%assigning random number between 0 and 1 to eveojed
B=round(A-0.45)% round to zero for random number below 0.95, t® albove 0.95
alpha=(((B)*0.8)+1)*3.4E-22,95 percent of dipoles are alpha*1 and 5% are &lp8a
z=2.7;%plane to take a slice through in A above bottordipble
d=5E-8; %length of the dipole in cm
theta=1;%coverage in ML
for x=0:pixels-1
xequation=x*perpixel;
a=17E-8/((theta)".5)pspacing between molecules as function of coverage
for y=0 :pixels-1
yequation=y*perpixel ;
for I=-array:array
for k=-array:array
g=(4/5)*6.75E-11*(1+9*alpha(k+(arral)ti+(array+1))*((1/(a"2)))(3/2)))"-1;
%charge separation of the dipole in statcoulombs
potential(x+1,y+1)=potential(x+1,y+{J/((xequation+.85E-7-I*a)"2+
(yequation-k*a)*2+(z*1E-8-d)"2)".5-g/((xequationbB-7-I*a)*2+(yequation-
k*a)"2+(z*1E-8)"2)".5);
end
end
potential(x+1,y+1)=(potential(x+1,y+1))*@B*2;%convert potential from statvolts
to volts
end
end
xaxis=(0:pixels-1);
xaxis=xaxis*perpixel*1E7;
yaxis=(0:pixels-1);
yaxis=yaxis*perpixel*1E7;
surf(xaxis,yaxis,potential)
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