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ABSTRACT

AB INITIO STUDIES OF PENTACENE ON AG(111) SURFACES

Demiroglu, ilker
M.S., Department of Chemistry
Supervisor : Assist. Prof. Dr. Mehmet Fatih Danigsman

Co-Supervisor : Prof. Dr. Sinasi Ellialtioglu

January 2010, 59 pages

In this work pentacene adsorption on both flat and steppetlldg(surfaces were investigated
by using Density Functional Theory within Projected AugmeehWave method. On the flat
Ag(111) surface favorable adsorption site for a single aegrte molecule was determined
to be the bridge site with an angle of‘6between pentacene molecular long axis aridL]0
lattice direction. Potential energy surface was found tfldte especially along lattice direc-
tions. Diffusion and rotation barriers for pentacene on this surfage feeind to be smaller
than 40 meV indicating the possibility of a two dimensionakghase. Calculated adsorp-
tion energies for the flat surface indicate a weak interadtietween molecule and the surface
indicating physisorption. On the flat surface monolayeedasound to have lower adsorp-
tion energy than the isolated case due to pentagesi@acene interactions. On the stepped
Ag(233) surface, close to the step edge, adsorption eneaggdsed significantly due to the
stronger interaction between pentacene molecule and lovdictated silver step atoms. On
the terraces of this surface, far from step edges, howevet pdtential energy surface was
observed similar to the case of flat Ag(111) surface. On thepstd surface pentacene found
its favorable configuration as parallel to the step withtaatiigle similar to the observed thin

film phase of pentacene on Ag(111) surface. Pentacene nimkuowed small distortions on
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stepped surface and are closer to the silver step atoms 1 & timan the case of flat surface,
hinting a chemical interaction as well as van der Waals aatgons. However on Ag(799)
surface, the perpendicular orientation of the pentacerlecule to the step direction showed

no strong interaction due to less matching of carbon atorttssilver step atoms.

Keywords: Pentacene, Adsorption on Silver (111) surfa@nddy Functional Theory (DFT)
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AB INITIO Y ONTEMLERLE AG(111) YUZEYLERINDE PENTACENE TUTUNMASI

Demiroglu, ilker
Yuksek Lisans, Kimya Bolum{
Tez Yoneticisi . Assist. Prof. Dr. Mehmet Fatih Danisman

Ortak Tez Yoneticisi : Prof. Dr. Sinasi Ellialtioglu

Ocak 2010, 59 sayfa

Bu calismada pentacene molekulinun diiz ve basargklill) yizeylerinde tutunmasinin
Yogunluk Fonksiyoneli Teorisi kulanilarak incelendi. ub’Ag(111) ylizeyinde pentacene
molekiilil icin tercih edilen tutunma bolgesi pentac¢enazun molekkiler ekseniyle [01]
yap! yonu arasinda 60 derecelik agi yapacak sekilgeikpozisyonu oldugu tespit edildi.
Potansiyel enerji ylzeyinin 6zellikle yapi yonleri gfoltusunda diz oldugu godzlemlendi.
Yuzey Uzerinde difuizyon ve donme bariyerlerinin 40 ntaN daha kiigik oldugu gozlemlene-
planan tutunma enerjileri molekulle yuzey arasindafazan der Waals etkilesimlerinin oldu-
gunu ve fiziksel bir tutunma gerceklestigini gosterdiz ylzey Uzerinde kaplanma orani
artirildik¢a, baska bir deyisle ylizeyde izole bir niallelen bir katman tutunmaya gecildiginde
molekuller arasi etkilesimler dolayisiyla tutunma giserin azaldigi gozlendi. Basamakli
yuzeyde tutunma enerjisinin pentacene basamaga yeddagrttigr gozlemlendi. Basamakli
yuzeyde, difiizyon enerji bariyerlerinin molekille axkdine olmus gumis basamak atomlari
arasindaki guclu etkilesimler sebebiyle buyukiie arttigi gozlemlendi. Fakat pentacene
molekulinin basamaktan uzakta kaldigi zaman terasrige potansiyel enerji ylizeyinin

diiz yiizeydeki gibi diiz oldugu godzlendi. Basamaklegyi Uzerinde pentacene molekili
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cok tabakal katmanlardakine denk gelen bir aclyla baggnparalel olarak ylizey Uizerinde
en uygun tutunma pozisyonunu buldu. Basamakll yizeydekintma sirasinda pentacene
moleklll Uizerinde ufak yapisal degisimler gozlendie Pentacene mole-kill basamaktaki
guimiis atomlarina diiz yiizeydekine gore 1 A daha yakarhk van der Waals etlilesmelerinin
yanisira kimyasal bag ipuclari gosterdi. Basamakli 78§ yluzeyinde ise basamaga dik
olarak yerlestirilen pentacene molekult, daha az kadiomunun basamaktaki gumus atom-
lariyla denk gelmesi sebebiyle Ag(233) yilizeyindeki par&bnfigiirasyon gibi gucli etk-

ilesme gostermedi.

Anahtar Kelimeler: Pentacene, Gimus (111) Yuzeyindauiima, Yogunluk Fonksiyonel

Teorisi (DFT)
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CHAPTER 1

INTRODUCTION

1.1 Organic Semiconductors

Semiconductors are a group of materials having conduetvitetween those of metals and
insulators. Devices made from semiconductor materialsherdoundation of modern elec-
tronics, including radio, computers, telephones, and nudhgr devices. Organic semicon-
ductors attract great interest because of their poterdiedratages over Si-based electronics,
particularly in large area, low cost and flexible applicaio Semiconductors based on or-
ganic molecular components are mainly composed of hydragggbon and oxygen. Unlike
inorganic semiconductors that are crystalline with bake-tharge transport, organic semi-
conductors are amorphous or polycrystalline in which thargh transport occurs through
hopping of charges between delocalizedholecular orbitals. The semiconducting or con-
ducting properties of organic moelcules can be attribubetie special chemical characteris-
tic of carbon: carbon atoms can form double bonds betweem @her, as shown in Figure
1.1. One of these bonds, called as-dond , and the second, known ag &dond. Theo
electrons mostly remain between the carbon nuclei, whdde #lectrons are delocalized over
the neighboring nuclei in a conjugated system, by which lbet®ns can gain some freedom
to move along the conjugation length. The formation of daliaed =~ molecular orbitals de-
fines the frontier electronic levels: the highest occupiadecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO). The HOMO andMO levels determine the

electrical and optical properties of the organic semicataiumolecules.

Organic semiconductors can be categorized into two graampsjl-molecule organic semi-

conductors and polymer organic semiconductors. In smaleaule organic semiconductors,



pz - orbital pz - orbital

plane of the
spg - orbitals

T—
i

o, A A 4l —T— Abo

Figure 1.1: Scheme of the orbitals and bonds for tworsbridized carbon atoms [3].

the carbon atoms form larger molecules typically with b&ezengs as the basic unit and
7 electrons become delocalized through the molecules. ynped organic semiconductors
the carbon atoms form a long chain anélectrons become delocalized along the chain and
form a one-dimensionat-conjugated system.The development of organic semicdoduc
was pioneered in the 1950s by Martin Pope and colleagues,petformed studies of the
ground- and excited-state electronic structure of moddeoubes and crystals, such as an-
thracene. [1] Also organic electronics has its root in theeavery of the conducting proper-
ties of doped polyacetylene in 1977 [2], which gained the &l&trize in Chemistry in 2000.
This remarkable studies opened up the field of organic eleicts, and new applications for
semiconducting organic materials. Organic electroniesbaised on organic semiconductors
and mainly used in three main technological areas, whictoagenic light-emitting diodes
(OLEDSs), organic photovolatic solar cells and organic ®tedc circuits based on organic
thin-film field-effect transistors (OFETs). OFETs have recently gained ateas building
blocks for electronic applications like radio-frequendgitification tags (RFID) [4], drivers

for electronic papers [5] and driving circuits for flat padé&plays (FPDs) [6].
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1.2 Organic Thin Film Transistors

Field-dfect transistors (FETSs) are the fundamental devices foramiectronics, which are
commonly used to amplify or switch electronic signals. OBEre transistors that uses
organic semiconductors as active layer. With the remaekgibbgress in the processing
of organic semiconductors into devices, the mobility of @MEETs has surpassed that of
amorphous-Si TFTs [7, 8]. The OFETSs are categorized intowtlo respect to the type of
the charge carriers, n-type and p-type, where in n-type thjenity of carriers are electrons
whereas in the p-type holes. A typical OFET is composed ofta glactrode, a gate dielec-
tric layer, an organic semiconductor layer and sourceadedctrodes [9]. There are four
common types of OFETs as shown in Figure 1.2. When a gategeoisaapplied the carriers
accumulate on the semiconductor layer interface and foromdwective channel. Then carriers
move from the source electrode into the semiconductor lagdrtravel through the channel
to the drain electrode. In OFETSs, the most important pra&xsease the charge injection in the
electrodgsemiconductor interface and charge transport along teefate between dielectric
and semiconductor layers [10, 11]. Therefore, the progeuf these interfaces influence the

device characteristics drastically.

Gate
Organic layer 1 T,
Source |—% — ::' Dinin - - Diglectrics
Dielectrics . —t !
Source Organic layer Dirain
Ciate
Bottom-gate boltom-contact Top-gate bottom-contact
{BGBC) (TGBC)
Source | [ Drain Gate _
I Organie faver Trteit . Dielectrics . =
= Source | =i Drain
Dielectrics Omga_?rii: layer
Gate
Bottom-gale top-contact Top-gate lop-contact
(BGTC) (TGTC)

Figure 1.2: Carrier injection and transport scheme of fgpical OFET geometries [9].



1.3 Pentacene

Pentacene was exposed to extensive research in recentdyeats its use in organic elec-
tronics. Pentacene fgH14) is one of the acene molecules, which is made up of five fused

benzene rings (Figure 1.3). Pentacene is easily syntliesiaequinone [12] and commer-

Figure 1.3: Structure of pentacene.

cially available.

Acenes are an extended class of fused polycyclic hydrooarbépplications of these mate-
rials is very wide from the use as moth repellents to theistaraterials for artificial dyes.
More recently, these molecules have received attentionaieir electronic properties, low-
lying HOMO energy levels and strong two-dimensional elaut interactions in the solid
state.ln acene molecules the carbon atoms are bonded ¢odther atoms, which leaves one
electron free in a delocalizeg,-orbital. 7 orbitals of neighboring atoms overlap to form
bonds, which extend along the molecule. Thgy/stem is responsible for an important part of
the intramolecular conduction. Pentacene is the most carynused organic semiconductor
[13, 14, 15] in thin-film transistors among all acenes, whieserves as the benchmark [16].
The first pentacene transistors, reported by Horowitz éhahe early 1990s, had a mobility
of 0.002 cnf/Vs in a top-contact device [17, 18]. Purification of pentac®y sublimation
improved the mobility to 0.038 cfVs for a bottom-contact device [19, 20]. With high-purity
materials, further optimization of film morphology by emyilg self-assembled monolayers
on the dielectric surface led to dramatic increases in @ewiobility: greater than 1 cfVs

in a bottom-contact device [21]. Nowadays fabricating peahe TFT’s with hole mobilities

of more than 1 crffVs have become an almost routine process [7] (Figure 1.4).

Pentacene forms bulk crystals with herringbone structurehich the face of one molecule is

close to the edge of another. Figure 1.5 shows the structaréager within a bulk pentacene

4
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Figure 1.4: Observed mobilities via common organic sendabors in recent years [13].

crystal. The bulk solid consists of a stack of these layeentdene has a triclinic crystal
structure with &7.90 A, b=6.06 A and &16.01 A. The unit cell contains two nonequivalent
molecules and the longitudinal axes of them hav#edent orientations with respect to the
surface normal. The longitudinal axes of two molecules #diedtby 22.2 and 20.3 with
respect to the surface normal [22]. At least foufelient polymorphic structures of pentacene

with different intermolecular spacings have been reported [23].

Figure 1.5: Bulk structure of pentacene [24].



1.4 Thin Film Morphology

It is widely recognized that transport properties of crifista organic films are strongly de-
pendent on the intermolecular overlap within the semicatauayer [25, 26, 27]. Also the
bandwidths of the valance and conduction bands which détertine charge migration mech-
anism are found to depend strongly on the crystallographactions [24]. In their study,
Endres et al. reported theoretical band structure (Figuechlculations on bulk pentacene
within density functional theory with localized pseudoaic orbitals. They have found that

bandwiths along the triclinic lattice vectors are much demahan that of stacking directions.

e £ =579V

band energy [eV]

B 005 00 015 02 0 0.1 0.2 To 003 00s 009

r k[A"l X l\_IA—I] Y r k[A’ll
Py i | 4 D s |
5 —_)/__.__ 5 —/__,__
5 —_—
2z 0 e | |
EJ - e~-579eV
g sk Y
o
y e ]
5
= - F
7= T
] e
" | | I & | 1

T o YR MK’
KA K F KA

Figure 1.6: Band structures of bulk pentacene along lastimbstacking directions [25].

In another study Parisse et al. [25] compared the bandtstascof thin film and bulk phases

by using DFT calculations. They have reported 0.2 eV smbaled gap (Figure 1.7) for thin
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film phase with larger bandwiths for HOMO and LUMO states tlrathe bulk structure.
Since the mobility is related with the thin film morphologyitial studies were focused on the
thin film structures of organic semiconductors, partidylan pentacene, which has relatively

high hole mobility [7] and high on4b current ratios in OFETs [28].

{a) Bulk phase (b) Thin-film Phase

NS T E
0.5 ?& /\ _._,:;:: L
: /5“_.
0.0

> I

%-0.5 ~T\A 4 _:;A K

E /\/--. ,,

L 4 A
-1.0 | J £ U
15 | i AT .

>C>f Yl ||
\ ‘r’.! .-_ :'-:
2.0 : :

rXcyr rxcyrZz a

Figure 1.7: Band structures of (a) bulk and (b) thin-film msasf pentacene [25].

1.4.1 SiQ Surface

Since most TFTs uses Si@s the dielectric layer, structural [16, 29, 30, 23] and tedeic
[31, 32, 33, 34] properties of pentacene thin films on thisssalte is heavily investigated.
In these studies it is found that pentacene molecules pstdading up on the substrate with
their long molecular axis perpendicular to the surface wifferent thin film morphologies,
which are bulk like herringbone structures slightly chawggivith the growth parameters [35].
In an experimental study, Dimitrakopoulos et al. [16] fouhdt morphology of the thin film
drastically @fect the mobility. They have reported mobility values for aptmus, thin film
and a mixture of thin film and bulk phases grown dfatient substrate temperatures (Figure
1.8). They have observed maximum mobility for the orderdédfilm phase and low mobility

for disordered growth.
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Figure 1.8: mobility values for amorphous, thin film and a mig of thin film and bulk
phases of pentacene [19].

Since the mobility depends on the morphology of the pentadbim film, studies contin-
ued with the optimization of the growth parameters for aghig thin films leading to best
device performance [36, 37, 38]. Pentacene thin films arergdéiyp prepared by molecular
beam deposition under high vacuum. [30]. Deposition staitts the evaporation of organic
molecules. Then these molecules are sent on the substregdahaith a controlled flux. In-
coming molecules adsorb on the surface and startffosdi on the surface, which can desorp
or create islands by finding other adsorbed molecules orutffiéce (Figure 1.9). Diusion is
mainly controlled by the substrate temperature. Incomintegules can be sent also with an
initial extra kinetic energy to control difussion withottanging substrate temperature with

supersonic molecular beam method [52].

The main factors féecting film growth are, nature of the substrate, substrateéeature,
deposition rate and the kinetic energy of molecular beangehreral three classes of growth
modes are seen in molecular beam deposition [38] which amekRran der Merwe, Stranski-
Krastanov and Volmer-Weber modes (Figure 1.10). The gromtlde is mainly determined
by substrate-molecule and molecule-molecule interasti@enerally at the initial stages of

growth a layer-by-layer growth is dominant due to the sathstinteractions. When substrate

8
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Figure 1.9: Shematic view of molecular beam deposition.

interactions are lowered after first few layers, island fations start to occur.

Figure 1.10: Common growth modes in thin film formation; (a)riter-Weber, (b) Frank-van
der Merwe, (c) Stranski-Krastanov. Hafestands for the coverage.

Thin film morphology is also féected by film thickness [39]. Pesavento et al. observed in-
creasing number of cracks on thin films by increasing filmkhéss. Also they have reported
decrease in the mobility with increasing film thickness. rEf@re the active layers corre-
sponding to charge transport are also studied and believéé the first few layers on the

dielectric surface [40, 41].



1.4.2 Metal Surfaces

Another important issue is the electrgslemiconductor interface, which is relatively less stud-
ied and understood. According to SEM images of Dimitrakdpeet al. [16] in Figure 1.11
it can be seen that the film morphologyféis on the electrode surface from dielectric surface.

Also film morphology changes at the interface between them.

on Au

Figure 1.11: Scanning electron microscopy (SEM) image oftgmene thin film grown on
SiO; and Au [16].

Ihm et al. [42] studied theffect of molecular orientation on the hole injection barriepéen-

tacene thin films on the Au surface. They have used benzeneehethiol and methanethiol
to modify the orientation of pentacene thin films, where peahe oriented standing up on
benzenethiol and methanethiol modified surfaces whileglgiown in methane modified and
clean Au surfaces. They observed that hole injection bramigre lowered in the standing up

orientation.

In most TFTs silver and gold are used as electrode matenalsiaderstanding the thin film
growth of pentacene is very important to achieve betteragepierformances. Hence, recent
studies were focused on pentacene growth difei@dint metal substrates both experimentaly

[44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57] and #i@aty [58, 59, 60].

However these studies showed contradictory results fogiivth of pentacene thin films on
gold and siver surfaces, which is mostly due to the strongiraction between pentacene
and metal surfaces compared to S&Dirface. Because of this stronger interactiorffedint
monolayer and multilayer structures have been observethasetsurfaces which are ener-
getically and structurally close to each other. As an examipr Au(111) surface dierent

low density monolayer structures have been reportedfiiarént studies with an identical full
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monolayer structure [44, 45, 46, 47, 49]. Kang et al. [44,&pprted four dierent mono-
layer structures with dierent densities in a room temperature growth and obseryed Iy
layer growth of multilayers in lying down fashion with thensa unit cell parameters of one
of these monolayers. These ordered structures were fouhd tocommensurate with the
Au(111) surface. However Beernink et al. [48] reported Hiki& multilayers in an upright
fashion on top of a lying down monolayer as islands. Theynteplostrong dewetting starting
from the second layer, and proposed that even STM tip canteaeimoval of molecules.
Lindstrom et al. [61] reported two distinct monolayer phase low temperature growth
(90 K), one being low density and the other high density. FRerlow density phase they
suggested lying down orientation for pentacene moleculdswever, for the high density
monolayer they suggested a tilted configuration due to weageof the electronic coupling
between adsorbed pentacene molecule and the metal surfasigh idensity coverage than that
of low density coverage. They observed also Stranski-krast growth mode like Beernink
et al. for multilayers. France et al. [47] observed foufatent structures in submonolayer
regime and characterized two distinct monolayer phase®aolayer coverage. On Au(110)
surface Floreanu et al. [56] also observed two distinct nay®s phase in the lying down
fashion. For 370 K temperature they observed disorderedgthravhile between 370 K and
420 K they observed bulk like multilayer islands.

On Ag(111) surface Eremtchenko et al. [53] reported a biléym formation at room tem-
perature. They observed a disordered contact layer as aitmendional gas phase on the
surface. They found ordered second and third layers wittesstnacture on the disordered

contact layer (Figure 1.12).

growth of
caontact layer

growth of
first ordered layer

growth of
further ardered layers

e e i e CT)
—

e o=

Figure 1.12: Bilayer growth of pentacene on Ag(111) surfacposed by Eremtchenko et al.
[53].
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The observed ordered layer has a unit cell af BAx 18+ 1 A and is tilted on the surface
along the molecular long axis. They proposed that the ntioleaf the ordered layers starts
from the step edges of the Ag surface. Similarly Doughergl.ef55] observed higly mobile
pentacene molecules on Ag(111) surface with a room tempergrowth and suggested the
existance of a 2D gas phase. Upon cooling they have osencedistinct monolayer phases
with similar densities. The unit cells for these two struetuwas found to be 1% 2 A x
8.5 + 0.5A with an angle of 6Gt 2° and 10+ 1 Ax 15+ 1 Awith an angle of 71 2°. They
also reported a bilayer film growth for pentacene on Ag(1itfese. In contrary Kafer et al.
[50] reported bulk like multilayers with long molecular axparallel to the surface in a room
temperature growth. They observed a chemisorbed first tdtget around the long molecular
axis of pentacene. Danisman et al. [52] reported monolajtéra 6.1x3 surface unit cell
for flat and stepped Ag(111) surfaces. However they obseoveered multilayers (Figure
1.13) only for the stepped surface. Film growth was donewatdobstrate temperatures by
supersonic molecular beam deposition and ordered monslapeld be grown at 200 K via

the dfect of initial extra kinetic energy of molecules.

Figure 1.13: Model of the pentacene structures on Ag(1Irfase [52]; (a) monolayer phase,
(b) and (c) top and side views of multilayer phase respdgtive
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On Ag(110) surface Wang et al. [58] studied monolayer cayeifar pentacene adsorption
and found flat lying monolayer structure on the surface wlii anit cell parameters.®8
Ax16.59 A with an angle of 1253°. They also conducted molecular mechanic calculations

and found flat lying down case is more favorable than the stgnap orientations.

Although this debates can be clarified by theoretical sgjdfeere is little work on pentacene
on metal surfaces, even none on Ag(111) and Au(111). ThHealstudies performed on other
metal surfaces are on Cu(001) [67], Cu(110) [62], Ag(11@) & semi empiric level and on
Al(100) [63], Cu(100) [64], Cu(119) [65], Fe(100) [66], Aaq@l) [60, 59] at first principals
level. These studies were mainly focused on the first lay@eotacene on these surfaces in
the determination of the most stable adsorption site wigogation geometry and determi-
nation of the electronic interaction between the surfacktha molecule. In metal surfaces
either a flat lying pentacene monolayer is found to be mosles{&8] or calculations were
started with this assumption. In a theoretical work Lee eff%9] discussed the adsorption
of a single pentacene molecule on Au(001) surface with DRigusDA exchange correla-
tion potentials. In their study they found the “bridge-b’igére 1.14) site with the angle 45

between long molecular axis of pentacene and substrate(j flirection.

Figure 1.14: Bridge-b adsorption configuration of pentacem Au(001) surface [59].

In this configuration pentacene carbon atoms follows theisilows of (001) surface. They

studied rotational and fiusion energy barriers on the surface and concluded witlo&ofsc
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nature of the interaction between pentacene and surfaes. fétind difusion more favorable
along long molecular axis than the other directions. Thexelaso reported covalent bond
formation between molecule and the surface. However inex labrk [60] with diferent
exchange-correlation potentials they observed thatikezlorbital methods and GGA types
of exchange-correlation functionals give better resutsttie interaction between pentacene
and silver surface in comparison with experimental restits Cu surfaces DFT studies using
GGA functionals found respectively strong pentaceneas@rlectronic interactions [64, 65]
showing a chemisorption.Ample et al. [62] studied on Cujldxface by semiempirical
methods and found also strong interaction between perdasmhsurface. They also reported
very high difusion and rotational energy barriers. However on Au(009)] fihd Al(100)
[63] while LDA functionals gave stronger interactions, G@&Mctionals resulted in weaker
interactions, indicating physisorption. For the multéday however, there are only few semi-
empirical studies [67]. Most of the theoretical work comieg pentacene multilayers were

on SiO2 surface instead [34, 25, 68, 69, 70]

Therefore a theoretical study of pentacene adsorption ¢fhl4g and Au(111) surfaces may
help to understand the interaction between pentacene ecttdagle interface, and may explain
experimentally observed fiierent monolayer and thin film structures, so that film growth
can be optimized to obtain low charge injection barriers kigth mobilities. In this regard
we have started to investigate pentacene adsorption stodiAg(111) surface. Since it is
believed that the steps on the surface has an important nobedzred film growth [52, 53]

we have continued with the interaction of the molecule whid $tepped Ag(111) surface.
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CHAPTER 2

METHOD

In this study we have performed density functional theorfFPcalculations as implemented
in the VASP (Vienna Ab-initio Simulation Package) code [71i] this chapter a brief intro-

duction to DFT and some concepts for the periodic structaleutations will be given.

2.1 Electronic Structure Calculations

2.1.1 Many-Body Schrodinger Equation

A theory for a stationary system of nuclei and interactirgcgbns is intrinsically quantum-

mechanical, and is based on solving the time-independémb8iager equation of the form:

Hy(R;r) = Ey(R;T) (2.1)

whereH is the Hamiltonian of the system, containing the kinetic paténtial energy opera-
tors; E is the energy of the system;is the wavefunction of the systenR] are the positions
of the nuclei, andr] are the variables that describe the coordinates of thdretec The

potential energy term arising from the repulsion of two &tats atrir; is:

e

Iri —rjl

(2.2)

wheree is the charge of an electron. The potential term arising ftbenattraction of an

electron ar and a nucleus & can be written as:
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vd=3
IR—r]

(2.3)

whereZ is the charge of the nucleus. The potential energy term #orapulsion of two nuclei

can be written similarly:

ZZ;€ (2.4
IRi — Ryl '
For the kinetic energy of an electron the energy term will be:
h2
A v/ 25
2rne r ( )

Practically, it can be assumed that the nuclei move slowar the electrons, so théthas
dependence only on the electronic degrees of freedom. Fkallied the Born-Oppenheimer
approximation [72]. Its validity comes from the huge mad$edénce between nuclei and
electrons, making the former behave like classical pagiclSo the term for the kinetical
energy of the nuclei can be omitted and the repulsion ternthimuclei can be added as a
constant contribution for specific atomic positions aft@mé. In this case the Hamiltonian of

the system becomes in atomic units:

VAV
H = _ 2.6
‘22“ ZLQ—H 2 Hrn 2 4 IR =Ry 26)

The last term in the previous equation is a constant and #wtrehic Hamiltonian can be

written as:

He = — 2.7
€ 2“ zha—u 2 n_r| (2.7)

Even with the proposed Born-Oppenheimer approximatiolvjirapfor ¢ (r) remains a dii-
cult task, due to the many body nature of interactions. Ebagtiren is d@fected by the motion
of other electrons in the system, which is called correfatisurthermore, two electrons of

the same spin can change their positions, in which gaseist change sign.
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2.1.2 Density Functional Theory

Many-Body Schrodinger Equation is impracticle to solverfaany electron systems. There-
fore one should apply further methods to solve the probleenddy Functional Theory (DFT)
provides a general framework to deal with the ground-stagggy of the electrons in many-
atom systems. DFT is based on two theorems, proved by Hotgeabd Kohn [73], and a
computational scheme proposed by Kohn and Sham [74]. Thehl@erem states that the
electronic structure of the ground state of a system is @hjgdetermined by the ground state
electronic densitypo(r).The second theorem states a variational criterion fod#iermina-
tion of po(r) andEy starting from an arbitrary functiop(r) constrained by the normalization

condition:

fdrp(r) =N (2.8)

Ele] = E[po]. Elpo] = Eo (2.9)

whereN is the total number of the electrons of the systé&mcan therefore be found by min-
imizing with the method of Lagrange multipliers the func@E[p] with respect to arbitrary
infinitesimal changes in the form of the functip(r). Kohn and Sham [74] showed that the
ground-state density of the original interacting systeragsal to that of some chosen non-
interacting system. This leads to independent-particleatgns for the non-interacting sys-
tem that can be soluble, if all thefficult many-body terms are incorporated into an exchange-

correlation functional of the density. For such a systenkihetic energy is defined as:

Tg = -2 > v? (2.10)

This kinetic energy term forms part of the Hamiltonian operghat does not contain electron-

electron interactions:

Hs = —%ZV?+ZV5(ri) (2.11)
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whereVg(r) is an dfective local potential. So the ground-state wavefunctssoeiated with

this Hamiltonian can be represented by a Slater determafahe form:

e1(X1)  @1(%2) -+ @1(Xn)
1 |p2(X1) @2(X2) -0 @2(Xn)

Ys = Wil ) . (2.12)
on(x)  en(X) o en(Xn)

where the orbitalg; are termed Kohn-Sham orbitals. In this case the non-iniagakinetic
energy is not equal to the interacting system’s. Kohn andr&ecounted for that flierence

by defining the functional:

Flo(n)] = Ts[p(r)] + J[p(r)] + Exclo(r)] (2.13)

where J[p(r)] stems for the classical Coulomb integral of the electwtactron term and

Exclpo(r)] is the exchange-correlation energy defined as:

Exclel = (Tlp] = Ts[o] + (Eedp] - Jlp]) = Tclp] + Encile] (2.14)

The remaining part of the true kinetic enerdy; is added to the non-classical electrostatic
contributions,En¢. So everything that is unknown is contained in the exchammgeslation
energy, which are the non-classic#ileets of self-interaction correction, exchange, corretati
and a portion of the true kinetic energy. Thus, the totalgnef the system can be expressed

as:

Elp] = Tslp] + J[p] + Excle] (2.15)

In this expression,the only term for wich no explicit formnclhe given isExc. If it were
known, the exact ground-state energy could be found by rspltne Kohn-Sham equations
for independent particles. For an approximate forniEgf, Kohn-Sham method provides a

practical approach to calculating the ground-state piigser
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2.1.3 Exchange-Correlation Functional

The important quantity in the Kohn-Sham method is the exgbatorrelation energy, which
is expressed as a functional of the dendityc[o]. In order to perform a precise DFT calcu-
lation, an accurate approximation to exchange-correiatimctional is necessary. The first
approximation to be suggested was the Local Density Appration (LDA) [74]. The idea
is to model the exchange-correlation of the actual systenmsing the properties of homoge-

neous electron gas:

ELA0] = [ drexc(r.p(r) (2.16)

whereexc[p] is the exchange-correlation energy per particle of a unifelectron gas with

the same density of the system.

Although LDA works surprisingly better than predicted s@ritis a crude approximation, it is
insuficient for the systems having inhomogenous density. In #mnse the next approxima-
tion was made by the extension of exchange correlation gnergrms of the density [75].

In this approach only the density and its first derivativeniduded and the approximation is

called Generalized Gradient Approximation(GGA):

ESSA] = f drf (p(r). V() (2.17)

For choosing the functiori(o(r), Vo(r)) there is no unique way, so that there exists many
different GGA potentials. In general the GGA results are bditar the LDA results, but this

is not always the case. Thus it is useful to compare the eeButliave a more accurate result.
In this study, two of the widely used GGA potentials, PW91][@6d PBE [77] were used in

addition to some LDA calculations.

2.1.4 Plane Waves

Solving the Kohn-Sham equations in real space idtacdit task. Instead someftirent basis
sets are used to expand Kohn-Sham orbitals, such as pseooatbitals, plane waves etc.

Plane waves are a good choice for basis sets in periodicnsgstyy their convenience in the
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reciprocal space with Fourier transformations. For pécisgistems the reciprocal unit cell is
called Brilliouin zone and the infinitely many vectors spigrthis space is called k-vectors.
Since observables should be calculated by integrating tneBrilliouin zone one should
take as many k-vectors as necessary in a numeric calculatiget accurate results, which is
called k-point sampling. According to Bloch’s Theorem [78le wavefunction in a periodic

system can be described by the product of a cell-periodictiom uf,k), and a plane wave:

(r) = u(r, k)e*” (2.18)

As any periodic function can be expanded in terms of planeesanr, k) can be written as:

1 .
ur.k) = — > ci(k,G)eC" 2.19
()= = ; i(k, G) (2.19)
whereQ is the volume of the unit cell and(k, G) are the expansion cficients. So the

wavefunction will become:

() = ¢i(r.k) = % > ik, G)ekrr (2.20)

G

By this way the Kohn-Sham equations are transformed front afsdifferential equations
into a set of algebraic equations. The expansion requifestely many G-vectors which is
impossible to calculate. However this expansion can becétad at some point, where for
large G values, plane waves become negligible. This diiisocalled kinetic energy cutfb

and denoted b¥c:.

2.1.5 Projector Augmented Wave Method

Finite plane wave expansions are iffstient in describing the strong oscillations of the wave
functions near the nucleus and needs large number of plavesvier convergence and accu-
racy. Therefore some approximations are used. One of thénme igseudopotential method,
which considers only the valence electrons and holds treaectrons to their behavior in a
free atom. In the pseudopotiential approach, the Paulilsepuof the core electrons is de-

scribed by anfective potential that expels the valence electrons fronasdine region, causing

20



the wave functions to be smooth. However, all the inforrmaibout the charge density and
wavefunctions near the nucleus is lost [79]. Another typapgdroximation is the augmented
wave method. In this method basis functions are composetbof-bke partial waves in the
atomic regions and the bonding is appropriated by a set aftifums. The space is divided
by atom-centered spheres and an interstitial region fobtmals. The projector augmented
wave (PAW) method is an extension of augmented wave methadishe pseudopotential
approach, combining them into a unified electronic striectuethod [78]. In PAW method,
space is considered as two but linked regions; intersttial augmented regions. There is
a transformation operator defined to transform highly tsailg all-electron wavefunctions
to numerically convenient pseudowavefunctions. The foansation operater is choosen in a
way that it only acts on the augmentation region. In the augatien region, the wavefunc-
tion can be expanded in terms of the solutions for isolatechatThese solutions are called
all-electron partial waves. In the intersititial regiortholutions can be found by simply pseu-
dopotential methods. At the end an all-electron wave fanctian be defined by combining

these solutions by defined translation operator and pmjegerators [78].

2.1.6 Self-consisted Cycle

DFT calculations work within KohaSham equations in a self-consistent manner. The calcu-
lations start with an initial guess for the charge densityuBing this density the KohkfSham
hamiltonian is constructed and solved for the KeBiham eigenvalues and orbitals. By solv-
ing Kohn-Sham orbitals a new charge density is constructed and ceahpéth the starting
density. If they are not consistent the procedure repesadf itintil the self consistency is
achieved. This can be called electronic cycle and the taberéor the convergence is given as
a parameter in the calculations. For faster convergence @begtronic cycle, instead of using
directly output density as an input in following step, somiging shemes are used. For our
calculations we used Broyden mixing sheme [80], which mikesoutput density with previ-
ous input density to get the following input density. Afteetconvergence for electronic cy-
cle quantum-mechanical forces can be calculated on thesatgmasing HellmannaFeynman
theorem [81]. To get the equilibrium positions for the atdmthe system, atoms are moved
along these forces and the electronic cycles are repeatdi thé forces drop below a tresh-

old value, the iteration cycle continues for the optimiaatof the geometry.
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2.2 Hardware

Computations were performed by two computers with the §ipatibns given in Table 2.1.

Table 2.1: Specifications of the hardware used through tity st

Name CPU Memory | Hard disk| Operating systen
zirkon | 8*2GHz | 8GB 160 GB Unix
titan 8*2GHz| 8GB 160 GB Unix

2.3 Software

Following computer programs were used to compute quantucmamécal calculations and to

visualize the outputs throughout this study. These prograira:

e VASP

VASP is a package for performing ab-initio quantum-mectanmolecular dynamics (MD)

using pseudopotentials and a plane wave basis set.

e XCrySDen

XCrySDen is a crystalline and molecular structure visadilis program, which aims as dis-
playing the isosurfaces and contours, which can be supesetpon crystalline structures and

interactively rotated and manipulated.

e Jmol

Jmol is an open-source Java viewer for chemical structar8®i
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Bulk Silver

Bulk silver has a face centered cubic structure as showrgiar€i3.1 with FrBm symmetry.

da
a=b=c
a=p=y=90°

Figure 3.1: The conventional face centered cubic unit cell.

Lattice constant was calculated using threedent exchange-correlation potentials which
are LDA-PW91, GGA-PW91 and GGA-PBE. The results are listedable 3.1, and are
consistent with the experimentally measured value [82fsihall diferences due to known
properties of various exchangeorrelation potentials. LDA potential resulted in 4.000 A
for the lattice constant with the largest deviation from theasured value. It is known that
LDA underestimates bondlengths whereas GGA potentialenitt slightly [83]. In our
case GGA-PW91 potential gave closer lattice constant t@tperimental value than GGA-

PBE potential. Even the GGA-PBE gave acceptable latticesteon which is closer to the
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experimental value than the previously calculated value20 A [84]. In further calculations

these lattice constants are used according to used pdtemtizonstructing silver surfaces,

since if experimental value is used the silver atoms willlm®in their equilibrium positions

in the unit cell.

Table 3.1: Lattice constant for silver crystal withfdrent exchangecorrelation potentials.

Potential Lattice constant
LDA-PW91 4.000 A
GGA-PW91 4.145 A
GGA-PBE 4.173 A
experiment [82] 4.090 A

For this system we checked the energy convergence as fosaifdhe type of k-point mesh

(Figure 3.2) and the maximum kinetic energy&Figure 3.3) value for the plane wave

expansion.
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Figure 3.2: Energy convergence with respect to k-pointsilk Bg calculation.

It is important to optimize these values before carryinglarger calculations with more than

100 atoms in large unit cells. Because setting these vatugsrlthan enough will increase
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Figure 3.3: Energy convergence with respect to ¢tienergy in Ag bulk calculation

calculation time and may make calculations impracticalédgrm due to large memory re-
quirements. For Ag atoms an 250 eV ctif-energy is enough for energy convergence. As for
k-point sampling, although the unit cell is small, after 8&&rid the change in the energy is

no longer significant.

3.2 Calculations for Pentacene Molecule

3.2.1 Isolated Pentacene

Pentacene structure was also studied with the usefiareint exchange—correlation poten-
tials. The éect of k-points and cutf®energy selections for isolated pentacene molecule was
also determined for further studies. The ground state ofhib&cule was checked within
spin polarized calculations, whether it is singlet or #iplSinglet ground state is found ener-
getically more favorable as expected with 0.9 eV enerdiigince according to triplet state.

Optimized geometry, atom positions and bond distancesieea g Figure 3.4.
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Figure 3.4: Isolated pentacene molecule. Symmetric bonelfcaind to have the same
bondlengths as expected. Bondlengths are given in A.

For three diferent exchangecorrelation functionals (GGA-PBE, GGA-PW91, LDA-PW91)
the same bondlengths was found for the pentacene molecaldo®hydrogen bonds are
found to be 1.09 A. The hydrogehydrogen distances are found to be 14.13 A along long
molecular axis and 5.00 A along short molecular axis. Theeowk is found to be planar,
and there is no significant deviation in the molecular plartee bondlengths are found to be
in good agreement with the experimental and previous thieateesults. The bondlengths
differed at most 0.01 A from the theoretical studies of Kadargsey. [85] and Endres et al.

[24], and maximum 0.02 A from the experimental value [22)].

For this system total energy values did not show significaainges with respect to k-point
grid (Figure 3.5). In further studies including both siha&irface and adsorbed pentacene
molecule, since more than 100 atoms will make a big systengamuently causing too much
computer time and too much memory requirements, we limitedoalculations within a
1x2x1 k-point sampling in adsorption calculations owingdrmge unit cell dimensions and
this small energy diierences. In solid pentacene calculations however, we Heverition

to include more k-points in our calculations. A 4x6x3 gridsassed in these calculations to
obtain a uniform distribution of k-points in the unit celloFplane wave expansions a cuf o

of 300 eV is found to be dficient to simulate pentacene molecule (Figure 3.6). Forracgu
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a 370 eV cut-f energy is chosen and used in all of the following computation
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Figure 3.5: Energy convergence with respect to k-pointssfaated pentacene calculation.

Table 3.2: Total energy values
exchangecorrelation potentials.

for isolated

pentacene mysteith different

XC potential | Total energy | Fermi energy] HOMO-LUMO gap
LDA-PW91 | -250.450 eV| -3.874¢eV 1.141 eV
GGA-PW91 | -250.455 eV| -3.906 eV 1.141 eV
GGA-PBE —249.784 eV| -3.659 eV 1.137 eV

The energies were found to be slightlyfdrent with diferent exchangecorrelation function-

als (Table 3.2). For GGA-PW91 and LDA-PW09L1 total energy galare very similar but for

GGA-PBE there is larger energyftiirence. Since these values are used only for the calcu-

lation of adsorption energies, i.e. only the relative eigsrguill be discussed for the same

exchange correlation functionals, theséatences are not important. HOMQUMO gap

is calculated from the Koh#Sham eigenvalue fierences. For HOMOGLUMO gap all the

potentials gave very close results with respect to eactr atiewith respect to previous the-

oretical calculations, but veryfilerent from the experimental value. Endres et al. [24] found

1.1 eV for HOMO-LUMO gap depicted by eigenvalueffiirences in a previous thoretical
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Figure 3.6: Energy convergence with respect to ¢tienergy for pentacene in a box calcula-
tion.

work, whereas the experimental value is 5.22 eV in the gase[&6]. This underestimation
of HOMO-LUMO gap is a common deficieny of DFT calculations due to theeaintinuity
of exchangecorrelation functionals with respect to the number of etew [87]. DFT is
known as a groundstate theory and deficient for unoccuppétess Hence better estimation

for HOMO-LUMO gap, A, can be made by total energyffdirences [88]:

A = Eo(N + 1) + Eo(N — 1) — 2Eo(N) (3.1)

whereEp(N) is the groundstate total energy of the neuladlectron system anBg(N ¥ +1)
is the groundstate total energy of one electron affdetbved system with the same geometry.
By this method 4.31 eV HOMOGLUMO gap was found for GGA-PBE potential which is an

improvement to the previous value of 1.14 eV and closer tcettperimental value of 5.22
evVv.
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3.2.2 Solid Pentacene

For pentacene bulk structures, threffatient polymorphs were investigated. These are bulk
phase and experimentally observed thin film phases on @&} and Ag(111) [52] surfaces.
Bulk lattice parameters are taken from Campbell's work [@R]jch are listed in Table 3.3.
Bulk phase corresponds to a triclinic unit cell containing pentacene molecules tilted with
respect to each other Thin film phases are bulk like strustpreserving the herringbone
structure of bulk phase, with fiigrent lattice parameters. Thin films on Si®@ere reported

to have an orthorombic unit cell, and parameters were tak®n Parisse et al. [25] for our
calculations. Lastly we have calculated total energy fer tthin film phase grown on Ag
(111) surface by Danisman et al. [52]. This phase correggptm monoclinic unit cell with

parameters given in Table 3.3.

Table 3.3: Lattice parameters for pentacene structures.

Phase a(Ady [ b(A) | c(A) | «(deg) | B (deg) | y (deg)
Bulk [22] 7.90 | 6.06 | 16.01| 101.9 112.6 | 85.8
Thin film (Si0y) [25] | 7.6 | 5.9 | 15.43| 90 90 90
Thin film (Ag) [52] | 7.40 | 6.16 | 16.02| 68.9 | 90 90

We have conducted pentacene solid calculations within a3tképoints sampling with an
370 eV cut-df energy. We used GGA-PBE potential for this calculationsabee LDA gave
unreasonable results in pentacene adsorption on Au(0@fRcel60] among other used po-
tentials. The energy values are given in Table 3.4. It is@lwithat bulk phase will be the
most stable one among other polymorphs but there are eimaifyesmall diferences among
these structures, which can be facilitated with the adsor@nergies. There is only 76 meV
energy diference between the pentacene polymorph observed on Agéliface and the

bulk phase.

Table 3.4: Calculated total energies foffdient pentacene polymorphs.

Phase Unit cell E (eV) Erel (V)
bulk triclinic —499.388| 0.000
thin film (SiOy) | orthorombic| —499.270| 0.118
thin film (Ag) monoclinic | —-499.312| 0.076
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3.3 Single Pentacene on Ag(111)

To study the adsorption site of pentacene on Ag(111) sudasiagle molecule was inves-
tigated on the surface. To isolate molecule on the surfaecgge lunit cell was chosen, for
which there is no interaction between neighboring pentacarits in the periodic structure.
In this manner we have made use of Lee’s work [59], in whicly tteculated the interac-
tion between two pentacene molecules. They have calcusidedby side and head to head
interactions and found equilibrium distances. Accordimg¢hieir work there is no energy dif-
ference beyond 8 A for side by side and 17 A for head to headgurafiions. Therefore, an
even larger unit cell with dimensions 14.7 A and 20.6 A wassemo(Figure 3.7). There are

141 atoms in this unit cell.

Figure 3.7: Surface unit cell with pentacene molecule.

In a cubic close packed (111) surface there are mainly thaeerption sites, which are top
(on top of a surface atom), bridge (between two surface gtamd two hollow (midpoint
between three neighboring surface atoms) sites (Figune J.Be diference in the hollow

sites is due whether there is an atom in the second layer or not
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Figure 3.8: Adsorption sites for a fcc(111) surface; top &t’, bridge site “b”, and hollow
sites “c” and “d”.

To simulate silver surface, three and four-layer slabs wadiedd without the adsorbate. In
these calculations there was not significant changes inthetipositions and the forces on
silver atoms. When the weak interaction between pentacehecole and silver surface was
taken into account, 3-layer slab (Figure 3.9) was found temsugh to simulate the silver

surface due to very small distortions on the atomic posstion

(b) top view

Figure 3.9: Three layer surface slab of Ag surface.

31



We have denoted adsorption configurations with respecetaitiecular center of pentacene.

Top

¢ M M N N AN N N N
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Hollow

Bridge

Figure 3.10: Single isolated pentacene offiedlent adsorption sites of Ag(111) surface; (a)
top-0, (b) top-30, (c) hollow-0, (d) hollow-30, (e) brid@e<f) bridge-30, (g) bridge-60, (h)
bridge-90. All in wireframe except the lowest-energy cas@pwhich is shown in ball-and-
stick mode.
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We have selected 8 possible adsorption configurations icame according to the symmetry
of the system. We abbreviated these configurations with éimeenof the site and the angle
between long molecular axis of pentacene and tid][@irection of metal surface. In all
the configurations pentacene lies flat on the surface. Tha¥éeyarations are top-0, top-30,
hollow-0, hollow-30, bridge-0, bridge-30, bridge-60 arritige-90 as shown in Figure 3.10.
For top and hollow configurations 60 and 90 degree rotatisasidentical with 0 and 30

degree rotations, respectively, due to the hexagonal@gammetry.

In geometry optimizations we have determined the adsortéghts ¢,) and corresponding

binding energies. Binding energielS,) are calculated with the following formula [88]:

Eb = Esys_ Esur - EmoI (3-2)

where Egys is the energy of the full systenEs, and Emq are the energies of surface and
the molecule seperately. All the adsorption configuratiaicuations were conducted within
GGA-PBE exchangecorrelation functional and only the most favorable caselge-60, was
repeated with GGA-PW91 functional. The results for the gatsan configurations are given
in Table 3.5.E,¢ is the relative energies according to the lowest energy goration, in our
case bridge-60. For bridge-60 binding energy, being thengrst among all, is found to be
—0.155 eV. It corresponds to a physisorption on the surface matiligible disturbance in the

flatness of pentacene molecule. Corresponding adsorpgighthis found to be 3.87 A.

Table 3.5: Calculated values for geometrical and eleatrstructure of Pf/Ag(111) config-
urations shown in Figure 3.10. The lateral height of isald®® molecule from the Ag(111)
surfaced, in A, the binding energye;, and the relative total enerdse in eV.

Configuration| d, (A) | Ep (€V) | Erel (€V)

Top-0 3.90 | -0.125 | 0.030
Top-30 3.89 | -0.119 | 0.036
Hollow-0 3.88 | -0.147 | 0.008
Hollow-30 3.87 | -0.128 | 0.027
Bridge-0 3.87 | -0.124 | 0.031

Bridge-30 3.88 | -0.124 | 0.031
Bridge-60 3.87 | -0.155 | 0.000
Bridge-90 3.88 | -0.129 | 0.026

Two different hollow sites were included in calculations but thergige did not change as
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expected within the tolerance value, so only one hollow isitgiven in the results. This
also implies that only the first layer of surface involves lie interaction with pentacene
molecule. Hence, three layer surface slab is enough to atemthe interface. By examining
the relative energies one can conclude the existence of adtantial energy surface for
the pentacene molecule on the surface. There are no mor&éhareV energy dferences

between these configurations. These small enerfjgrdnces also indicate smallfdision

barriers for pentacene molecule on the surface. These banaiers are in agreement with
the experimental observations of Eremtchenko et al. [58]@ougherty et al. [55], in which

the contact pentacene layer was mobile at the interface.

Figure 3.11: Bridge-60 configuration. Bondlengths are miveA.

The adsorption configurations, in which carba@arbon bonds folows the silver lattice on the
surface, were found to be energetically more favorable.eixample bridge-60 and hollow-
0 configurations were found to give maximum adsorption gner§.155 eV and-0.147
eV, respectively. Also the least favorable configuratiors aund to be top-30 witk-0.119
eV adsorption energy, mostly due to three ring of pentaceneseeing any silver atom or
silver—silver bond of the surface layer, i.e. there is only 4 topriatéon betweemnr delocal-

ized carborcarbon system and surface silver atoms. In Bridge-90 carafiigun, however,
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improvement on the adsorption energy can be seen due to tmpadtion. Bridge-90 con-
figuration was found to give0.129 eV adsorption energy. Similarly hollow-30 configuratio
gave nearly same adsorption energy with bridge-9@,128 eV, following the same trend.
In hollow-30 configuration there is more top interactionrthmidge-60, but all of them are
slighty deviated from being head to head interactions. Heunhore, for favorable bridge-60
and hollow-0 configurations two carbon rows at long molecalas of pentacene follows the
silver lattice very closely giving maximum interaction. \Wever, in top-0 and bridge-0 these
two rows are between silver rows aflf] lattice direction which result in less interactien
—0.125 eV. Hence, the interaction between surface silver atomdghe carboncarbon delo-
calized system determines the adsorption energy and theskbf potential energy surface
can be said to be stronger for lattice directions of silvefame. Therefore, it can be said
that where the pentacene molecule follows the lattice sytmynse that the molecular charge
density can overlapfiectively with the surface charge density of silver rows arergetically
more favorable. Similar observations was also made forgoene adsorption on Au(001)
[59] and Cu(110) [62] surfaces, where pentacene preferigio according to surface atom

rows.

In Figure 3.11 the bond lengths of pentacene molecule onilirex surface are given. These
values are exactly the same as the isolated pentacene feolgbich shows that there is
no molecular distortion on pentacene molecule on the seirfdogether with small adsorp-
tion energies, this indicates that there is not a chemicatbormation between pentacene
molecule and the silver surface. Also by considering thealemt bond radius and Van der
Waals radius of silver and pentacene carbon atoms one sexypédt 2.18 A adsorption height
for covalent interaction and 3.42 A for Van der Waals intéicac Calculated 3.90 A for GGA-
PBE and 3.69 A for GGA-PW91 adsorption heights indicates ttere is physisorption by
weak van der Waals interactions. This is not an agreemeft tvé proposed chemisorp-
tion by Kafer et al. [50], however a good agreement with Ibpdé®mund contact layer of

Eremtchenko et al. [53].
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Figure 3.12: Energy versus adsorption height for bridgedtfiguration (a) with GGA-PBE
and (b) with GGA-PW91.

Nearly the same adsorption heights about 3.9 A were foundlfdghe configurations using
GGA-PBE functional. The energy change with respect to gdor height for bridge-60
configuration is given in Figure 3.12 for GGA-PBE and GGA-PW@nctionals.
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3.3.1 Dftusion on surface

By looking at the adsorption enegyfidirences in dferent adsorption configurations, one
can comment on the filusion tendency of pentacene molecule on the surface. Adththe
differences could not be said to represent tlieusion barriers exactly without investigating
all the paths betweenftierent sites, they can still give relative idea abotiudion directions.
There is also a similar study by Lee et al. [59] extractinffusion barriers calculated in
the same way on Au(001) surface with LDA functional, givingttbrotational and diiusion
energy barriers. For the rotation on a bridge site we havadaotation barriers around 31
meV (Figure 3.13).

0.040
0.035 \
0.030 #

0.025 : \ /'/
0.020 SN /AR

0015/ \ / A\ ~~bridge
0010 / N T=top
— \/ hollow
0.000 ‘

-0.005 ‘
0 30 60 90 120
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Relative Energy (eV)

Figure 3.13: Energies with respect to rotation of the mdkom adsorption site.

For hollow and top sites since 60 and 90-degree configusatma equivalent to 0 and 30-
degree respectively, no new calculations were performedenkrgeticaly second favorable
hollow site, where pentacene molecule follows silver rowsilar as bridge-60 rotational
energy barrier seems lowered to 19 meV. Furthermore, fdetst favorable site, top site, the
rotational energy barrier seems as low as 6 me¥YuBion energy barriers were also found to
be very low. In Figure 3.14 the longest path between two leH@ig configurations is given

along [211] direction.
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Figure 3.14: Difusion path between two bridge-60 configuration.

The difusion energy barrier seems to be around 30 meV in this direckor difusion along
long molecular axis of pentacendtdision energy barriers seems to be even lowered, 8 meV
for a diffusion between two bridge sites if we assume path includdevir@ configuration.

For this very short path we have studied also the configuratibere molecular center of
pentacene was placed the mid point of two bridge-60 configurand it is found energeticaly
more favorable than hollow-0 site by 2 meV.fldision perpendicular to molecular long axis
of pentacene was found as 30 meV. Along with the ener@grminces in other configurations

it seems that diusion along long molecular axis of pentacene is more faveraBimilar
observation were made by Lee et al. [59] on Au(001) surfadéhofigh they found higher
rotation and ditusion barriers between 0.45 and 1.26 eV, they also indidateer diffusion
barriers along long molecular axis of pentacene. Theserdrgrriers can be attributed to
the more reactive surface (001). In our case the rotatioméldifusion energy barriers do
not seem to surpass 40 meV. Hence an oncoming pentaceneutecten easily dfuse on

the surface and can find a favorable position. Although 40 iiseéd/very low energy barrier,

it is not as low as that the filusion can be said to be independent of the temperature in the
range of substrate temperatures in the pentacene film grdghrelation between fiusion

codficient and the temperature for surfacéwsion can be given as [89]:

D = Doe F/KT (3.3)
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where D is the difusion codicient, Dg is the difusion codicient at the limit of infinite

temperatureE is the activation energy of fiusion andk is the boltzman constant. In our
case, the energy flierences of~ 40 meV indicate that diusion codficient increases by a
factor of 2 with an increase in temperature to 2@from room temperature which is in the
range of the substrate temperatures during pentacenelthigriwth. Hence, controlling the
diffusion plays an important role in the ordered film formation¢s the binding energy, 155
meV, is also not too high when compared with th@diion barriers. Ofusion energy barriers
lower thankT indicates physisorption as well as 2-dimensional gas pbasesurface [90],

which is the case for our system. This agrees with the exgerialy observed disordered

gas phase contact layer of pentacene on Ag(111) surfacedmtéhenko et al. [53].

3.4 Monolayer coverage

In experimental studies on Ag(111) surface [52, 55, 51] aroom monolayer phase was
found stable beside somdidirent low coverage phases. The surface unit cell dimen$ions
these observed monolayer phases are given in Table 3.6e Pphases fit in a 6x3 surface unit

cell for calculated silver lattice constants of GGA-PBE &@A-PW91.

Table 3.6: Monolayer lattice parameters for pentacene diQ.

a(d) | b(A) | a(deg)
Danisman et al. [52]| 8.67 | 17.6 | 60
Dougherty et al. [55] 8.5 17.0 | 60
GGA-PBE 8.85 | 17.59| 60
GGA-PW9I1 8.79 | 17.71| 60

Before the adsorption calculations, pentacene was céécliiaside this surface unit cell with-
out silver surface. The resulted geometry (Figure 3.15)sldono diference with isolated

pentacene calculation, and for energetics (Table 3.7)dhes are very close to each other.

Calculations than continued with the creation of the silserface. For monolayer study a
6x3 surface unit cell was used with 4 layer slab. A 15 A vacuum usasi to seperate these
slabs from each other im direction. Flat pentacene molecule was placed on a brifge-6

configuration which is found more favorable in previous akdtions. There are 108 atoms
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Figure 3.15: Pentacene monolayer structure.

Table 3.7: Total energy values for isolated pentacene aniblager phase for GGA-PBE
potential.

a(d) | b(A) | @ (deg)| Total energy
Isolated pentacene | 18.0 | 25.0 90 —249.784 eV
Monolayer pentaceng 8.85 | 17.71 60 —249.837 eV

in the unit cell. The calculated energies are listed in T&uBein addition to the results for

isolated monolayer case for comparison.

Table 3.8: Calculated values for electronic and geomeétsitacture of Ag and PAg(111)
systems in dterent exchange—correlation functionals. Lattice paramaftAg(111) slakaag

in A, lateral heightg, (A) and the binding energids,, (eV) of isolated and 1 ML Pn on the
Ag(111) surface.

Clean slab| Isolated Pn 1ML Pn
aag d, Ep d, Ep
GGA-PWI1 4.145 3.69| -0.234| 3.94 | -0.093
GGA-PBE 4.174 3.87| -0.155| 4.12 | -0.078

Similar to the isolated case, monolayer phase of pentacasdaund without any distortion
on the molecule. Adsorption energies were lower for both G&#&91 and GGA-PBE func-
tionals. Accordingly the adsorption heights were extendet? A for GGA-PBE and 3.94 A
for GGA-PWO9L functional. This is mainly due to the pentaceeeatacene interactions. At

this point one can say that adsorption height varies witbrinblecular interaction strength.
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With the weaker interaction between pentacene and sunfateimonolayer coverage, ph-

ysisorption gains more evidence for pentacene adsorption.

3.5 Pentacene on stepped Ag(111) surface

3.5.1 AQg(233) surface

Previous experimental studies showed that steps on ther silwface have an important ef-
fect on the ordered pentacene film growth [52, 53]. To undatsthe €ect of steps on
pentacene adsorption, the interaction between pentacehstepped Ag(111) surface was
studied. Ag(233) surface was chosen in these simulatioegdalits stability [91]. Ag(233)
surface (Figure 3.16) has (111) steps and (111) terracbvgitiver atom rows. 7x6 surface
unit cell was chosen with 3 layer slab to isolate pentacenecute on the surface. There are
two different types of silver atoms on Ag(233) surface; first beimghigh coordinated atoms
and the other low coordinated. The angle between the teaaddhe stepd is 109.5 and
the step angle is 20 Surface relaxations mainly took place for the atoms ardhedstep.
Low coordinated silver atoms got closer to other silver apwhile high coordinated ones
moved slightly outwards to the surface. Besides theseattms other silver atoms did not

show significant changes in terms of atomic positions.

On the Ag(233) step pentacene was placed as its long moteaxiks paralel to the step.
Initial calculations were started to find the minimum eneogyfiguration of pentacene on
the surface. To find the lowest energy configuratiorffedent adsorption geometries were
calculated as single point calculations. In this configares molecular center of pantacene
was placed at a distance from the high and low coordinatedrsitoms with the angle &f 2.
For comparison, flat configurations of pentacene on thersiéreace far from the step were

also studied. The calculated geometries and the labelengigen in Figure 3.17.
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Figure 3.16: Ag(233) surface. High and low coordinatedesilatoms are highlighted with
blue and red colors, respectively.
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Figure 3.17: Labeling for adsorption geometries of pemtaam Ag(233) surface. Pentacene
icons are not drawn to scale.

For these adsorption geometries, enerdiedénces with respect to distanch &nd angle ¢)
were calculated and listed in Table 3.9. In this calcul&#iGGA-PW91 exchange—correlation
functional was used because it gave better results forté&xbind monolayer cases on Ag(111)
surface. GGA-PW91 results lied between GGA-PBE and LDA-BRV3ults, where we think
the exact result should find its place. A 1x2x1 k-point gricswaed with 370 eV energy cut-
off.

Figure 3.18: Minimum-energy configuration for the adsanptgeometry A.
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Table 3.9: Relative energy valudsy, for different adsorption geometries calculated as single
point calculations.

Geometry| d (A) | @ (°) | Erel (€V)
A 3.5 0 0.183
3.5 10 0.162
3.5 15 0.142
35 20 0.120
3.5 25 0.101
35 30 0.104
3.5 45 0.412
B 4.7 0 0.498
5.1 0 0.322
51 10 0.229
5.3 10 0.236
55 0 0.282
55 10 0.247
55 20 0.253
C 4.1 0 0.137
4.1 10 0.029
4.1 15 0.000
4.1 20 0.006
4.1 30 0.176

At first glance, it can be seen that for the configurations wipentacene molecule interacts
with the step atoms, i.e. pentacene molecule is close tmthedordinated step atoms, total
energy is lowered. Among these three geometries, for thégeoation A, the minimum-
energy geometry was found with the distandes 3.5 A with the anglea = 25° (Figure
3.18). The angle between molecular plane and the surface (83) is found to be 83

In this configuration the pentacene molecule is close totte atoms~ 3.2 A, however far
from the terrace atoms; 4.7 A. In configuration B where pentacene molecule is more int
the step edge than A, the distance between pentacene neofewlithe terrace is lowered to
3.65 A, which is the distance for an isolated molecule on te(fl11) surface. However, the
total energy did not improve. This is probably because is tlaise carbon system loses its
direct interaction with the low coordinated step atoms gewically (Figure 3.19). For this
configuration the angle between the surface plane (233)tentholecular plane is found to

be 15.2.

44



Figure 3.19: Minimum-energy configuration for the adsamptgeometry B.

The minimum energy was found for the geometry C which stared#den A and B cases,
where the molecule can interact with step atoms withouhgpis contact with the terrace. In
this configuration there is 3.00 A between pentacene maeand the low coordinated silver
surface atoms while the distance of molecule to the termee3d.75 A (Figure 3.20). The
angle between surface plane and molacular plane was fousel Ty which is in between A

and B geometries.

Figure 3.20: Minimum energy configuration for the adsomp@ometry C.
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Figure 3.21: Minimum-energy configuration for the flat peetae on Ag(233) terrace.

Table 3.10: Relative energy valudse for flat pentacene on Ag(233) terradeés the distance
from the low coordinated step atom and corresponding coraigun on flat Ag(111) surface
was given in 2nd columnkE, values are relative values with respect to minimum energy
configuration C.

I (A) | configuration| Eye (eV)
0.00 | top-0 0.188
1.25 | bridge-60 0.219
2.50 | top-0 0.331
3.75 | bridge-60 0.294
5.00 | top-0 0.344
6.25 | bridge-60 0.294
7.50 | top-0 0.351
8.25 | bridge-60 0.338

In addition, the flat configurations, where pentacene isgulamn the terrace, were studied.
The total energy increased while pentacene was moved awaythre step edge (Table 3.10)
and found its maximum among these flat cases where pentagsres on top of the next step
edge (Figure 3.21). In these flat cases pentacene stayed 2B6ve the surface, which is
the same as the isolated pentacene on Ag(111). On the steplesigistance decreased to

3.65 A. Diffusion energy barrier for the terrace seems to be low sinilahe flat Ag(111)
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surface. The dierences in energies between adjacent bridge-60 and topfi@e@tions on

terrace are around 50 meV meaning a flat potential energgcifbr pentacene on terrace.

With bunching all of the configurations together, energatiehaviour can be drived for the

pentacene molecule on Ag(233) surface (Figure 3.22).
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Figure 3.22: Energetical behaviour of pentacene moleaulég{233) surface.

The atomic positions were relaxed for the minimum energyfigamations of A, B, C and
for the minimum-energy flat case. The adsorption energyegahre given in Table 3.11 In
the flat configuration pentacene showed no distortion insesfrbond lengths and preserved
planar structure. The binding energy was found to be 0.230'k¥ indicates physisorption
similar to the flat Ag(111) surface. However for the confidgiara C, some distortions on
the pentacene molecule was observed. While molecule’snmimi distance with surface
at terrace was- 3.7 A, the distance with the low coordinated step atoms dset to~

2.75 A. Also the binding energy increased to 0.615 eV indfigastronger pentacensurface
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interactions. The bond lenghts of the terrace side of théapgene molecule stayed the same
while they increased for the step side of the molecule. Alstepule lost its planar structure
and showed bending where middle of the molecule moved toutiace (Figure 3.23). Also
low coordinated silver atoms below the pentacene moleculecth slightly to the molecule

in agreement with the stronger interaction than the othsesa

Table 3.11: Adsorption energy valuds,gs for the relaxed configurations of A, B, C and flat
case on Ag(233) surface.

Configuration| Eggs(eV)
A -0.419
B -0.239
C -0.615
Flat -0.230

More bending was observed for the step side of the pentacefecute due to stronger in-
teraction with step. Also the distance ©f2.75 A, which is between the covalent and van
der Waals seperation of the silver and carbon atoms, ireficaime chemisorption character.
By looking at the energetical behaviour of pentacene in fe@di22 one can estimate much
larger difusion barriers for the stepped casd00 meV which is larger than the binding en-
ergy of 0.234 eV for the flat Ag(111) case. This indicates #tap can trap the pentacene
molecule on the silver surface during film growth and can aét aucleation site, as proposed
by Eremtchenko et. al. [53] and observed experimentally BpiBman et. al. [52]. Also
the tilting of the molecule on the step can be related to taykis where tilting is observed

within herringbone structure in the thin films. Tilting aegin the step is found to be .7
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(a) top view

(b) side view

Figure 3.23: Relaxed geometry for configuration C.
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3.5.2 Ag(799) surface

To compare the perpendicular configuration of pentacenecutd to the step, a surface with
larger terrace width was needed to minimize pentaepaatacene interactions. Therefore
Ag(799) surface (Figure 3.24) was choosen where there atee® atom row in the terrace.
Ag(799) surface has (111) step and (111) terrace planessurf&ce unit cell was choosen
in this case to overcome the pentacepentacene interactions. The step angle%s.6r this

unit cell.

Figure 3.24: Side view of Ag(799) surface

Similar to Ag(233) surface the surface relaxations mairdguved around the step atoms.
While the low coordinated silver atoms moved inwards, higbrdinated silver atoms started
to move outwards from the surface. Other silver atoms miaiadtheir positions by showing

very small changes in bond lengths.

In Ag(799) surface pentacene was placed perpendiculaetsilyer step and the energetical
behaviour was studied while pentacene was moved towardstéipe by performing single

point calculations. Pentacene was placed on the terrateawitidge-90 configuration since
it is the lowest energy case for perpendicular arrengeméhtrespect to the step among pos-

sible configurations. Similar to the Ag(233) surface tota¢rgy decreased while pentacene

50



Figure 3.25: Flat pentacene on Ag(799) surface terracelwittt A.

moved away from the step edge with very small enerdgiedinces showing a flat potential
energy surface on the terrace (Table 3.12). The minimunggneas found where the end of
the pentacene molecule came on the step edge (Figure 3.86).tlis point energy started
to increase because one side of pentacene molecule stadisaseé contact with the silver

surface atoms.

Table 3.12: Relative energy values for flat pentacene on 2@)(#erracel is the distance of
molecular center of pentacene from the st&p, values are relative values with respect to
minimum-energy configuratiol=7.5 A.

I (A) Erel (eV)
0 0.048
5 0.003
7.5 0.000
10 0.011
15 1.031

When pentacene was placed on the step with its long axis peiquéar to the step (Figure
3.26) the total energy did not decrease as much as the pa@dle in Ag(233) surface. The
minimum distance between pentacene and the step was founel 302 A. The molecule
distorted so that both end of the molecule is close to theterr Adsorption energy was
found to be 0.257 eV on the step while it was found to be 0.246rthe terrace of Ag(799)

surface. However, adsorption energy on the step of Ag(28@re/pentacene oriented parallel
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Figure 3.26: Perpendicular pentacene adsorption on AYy&tep.

Table 3.13: Adsorption energies for pentacene diedint Ag(111) surfaces.

Surface | Site Orientation | Eags(eV)
Ag(111) | terrace| flat 0.234
Ag(233) | terrace| flat 0.230
Ag(799) | terrace| flat 0.246
Ag(233) | step parallel 0.615
Ag(799) | step pendicular 0.257

to the step was found to be 0.615 eV (Table 3.13).

In the perpendicular orientation (Figure 3.26), interattietween step atoms and the molecule
is not strong because pentacene’s carbon chains could llaw filne silver rows of surface
and there are less carbon atoms on the molecule, which aadntvith the low coordinated
silver atoms. Hence, parallel configuration of pentacertbasenergetically most favorable
configuration in a stepped Ag(111) surface. For the flat casésrrace the results are more or
less the same as the adsorption energy on flat Ag(111) suif&aigalso agrees with the flat
potential energy surface for pentacene on Ag(111) surfaealid on the (111) terraces. How-
ever, the flatness of the potential energy surface is digtduipy the steps on the surface. The
orientation of the molecule with respect to step is deteeahiny the potential energy surface
around the step, which energetically favors parallel @¢aton. The stepterrace energy dif-
ferences in parallel and perpendicular orientations alsbditrend where pentacendtdsion

along the long molecular axis is the most favorable directdy pentacene molecule.
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CHAPTER 4

CONCLUSIONS

In order to optimize device performance of a pentacene thimtfansistor it is important to

obtain ordered thin film structures of pentacene on the desicfaces, dielectric surface and
electrode surface. On the dielectric surface, SiBe literature is almost complete in terms
of efficient film growth. Therefore, it is essential to optimizentfilm growth on electrode

surfaces via understanding the interaction between tifacguand the pentacene molecule.
To this end interaction between pentacene and Ag(111)ayrfane of the commonly used
electrode material and a model surface in surface sciendest was investigated thorougout

this study and following results were obtained:

e Adsorption site for an isolated pentacene molecule on thiasa was found as the
bridge site with respect to molecular center of the pentaaealecule making an an-
gle of 60 between long molecular axis of pentacene arid[Gurface lattice direction
(Figure 3.11). The adsorption energies were found@455 eV and-0.234 eV with
the use of GGA-PBE and GGA-PW91 exchangerrelation potentials, respectively,
indicating a weak interaction between surface and penégaasiphysisorption, in paral-
lel with the corresponding adsorption height close to thra sfivan der Waals radii of
Ag and C atoms. No distortion on the molecule was observed, ajreeing with the

proposed weak van der Waals interaction.

e Although bridge-60 configuration was found to be energlyiche most favorable, all
other configurations were within 40 meV of the bridge-60 agunfation meaning a flat
potential energy surface on Ag(111), especially alongckattlirections of the surface.
Hence, difusion and rotation energy barriers were treated to be lowebtrder of a

possible two dimensional gas phase on the surface.
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e Experimentally observed thin film phases of pentacene waleilated and found en-
ergetically very close to the bulk phase of pentacene. Tfierdhces in the energy
were smaller than the adsorption energies. Hence, thes@diymorphs can grow on

different substrates via the interaction with the surfaceeatsbf bulk phase.

e While coverage increased to 1 monolayer, the adsorptiomygraecreased with the

increase in adsorption height. This is mainly due to pem@geentacene interactions.

e Surface with steps was found to interact with pentacenegémothan the flat (111)
surface case where pentacene preferred the favorabléopdsittween the low coordi-
nated step silver atoms and the terrace atoms with a tileasigilar to that in multilayer
phases. The adsorption energy increased to 0.615 eV frodd @¥ in the flat case.
The distortions and the distances hint a chemical bondiagacer between pentacene
and step silver atoms in addition to van der Waals interastidrl his is in agreement
with the proposal of thin film growth being initiated at thegtdges [53, 52]. The en-
ergy profile on the stepped surface showeftkedénces around 0.4 eV which indicates

steps can trap the molecule to initiate an ordered growth.
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