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Multi-component organic molecular films have seen increasing capiolins
in photovoltaic technologies and other organic electronic applications. These
applications have been based upon assumptions regarding film straouire
electronic properties. This thesis provides an increased untirgjeof factors
that control structure in binary molecular films and begins to bbsha
structure-electronic property relations. In this thesis, thidentdogically relevant
“donor-acceptor” systems are studied with variable temperatdid/S'S:
pentacene (Pn)dg zinc phthalocyanine (ZnPc):sand ZnPc: perfluorinated
zinc phthalocyanine @gZnPc). These three model systems provide a systematic
exploration of the impact of moleculahape and molecularband offseton
morphology-electronic relations in thin film heterostructures.

For Pn:Gp, | show how domain size and architecture are controlled by

composition and film processing conditions. Sequential deposition of pentacene,



followed by Gy vyields films that range from nanophase-separated, to
co-crystalline phases, to a templated structure. These tisinetures are
selectively produced from distinct pentacene phases which areoltsmhtrvia
pentacene coverage.

For the ZnPc:g system, the shape of ZnPc and the lattice mismatch between
ZnPc and Gare quite different from the PrgLfilms. Nonetheless, ZnPcie
films also yield chemical morphologies that can be similadytiolled from
phase separated, to co-crystalline phases, to templatedisgsudh both of these
binary films, | exploit relative differences in the component coleesnergies to
control phase selection. In bilayer films of both systems, a comtnoctwsal
element of stress-induced defects is also observed.

In ZnPc:ReZnPc, | explore two components with similar shapes and cohesive
energies while retaining molecular band offsets comparable ©Gsfrin this
shape-matched system, a checkerboard ZagZoiPc arrangement stabilized by
hydrogen bonds readily forms. This supramolecular structure introducesv
hybridization state close to the Fermi Level, yielding electrpnoperties distinct
from the component phases.

Through investigations of these three model systems, | have devedaped
understanding the control of chemical morphology along the donor-acceptor

interface and the way this morphology influences electronic transport.
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1. Chapter 1 Introduction

1.1.Motivation

Organic semiconductors are molecular materials formed bgmdies of
molecules held together by weak van der Waals forces. This snihigg the
properties of the solid are directly governed by those of theitha@l molecules,
which can be regarded as the elemental blocks of the material, and also by the wa
these bricks are spatially organized. These features open aténgctive
perspectives for controlling materials properties through moleeulgineering of
these assemblies. It can be expected that the electronicrt@epaf organic
semiconductors can be tuned through the modification of the chemigzlse of
the constituent molecules and the spatial arrangement of theuteslén the solid
[1].

Organic semiconductors have certain advantages over traditionahniorg
semiconductors, such as low production cost, light weight, flexibihty large
area applications. Devices based on organic semiconductors have many
applications, such as organic light emitting diodes (OLEDSs) [D#&]anic thin
film transistors (OTFTs) [5-7] and organic photovoltaic cel#Vs) [8, 9]. The
transport of charges in the organic layers plays a key raefining the overall
performance of these devices. In OLEDs, electrons injectedtirernathode and

holes from the anode have to migrate in opposite directions throughouicorga



layer(s) to meet and recombine radiatively [10]; conversely,AN<) the charges
generated by the dissociation of excitons have to reachdbeoeles [11]. While
the development of OLEDs has led to commercial products, OPVs yeavie
show the performance desirable for broad commercialization.

The low efficiency of OPVs arises from the fundamental natfireharge
photogeneration and transport in organic materials (Figure 1.1), whalrs as
follows: (1) light absorption (exciton generation), (2) exciton diffusi¢s),
exciton dissociation, and (4) charge collection [12]. In step 1, theiorgaaterial
absorbs light and excitons (electron-hole pairs) are generatell, bividing
energies ranging from 0.1~2 eV [13, 14]. Efficient dissociationhef dtrongly
bound excitons requires either a strong electric field (E>zém™) or
donor-acceptor heterojunctions [15], where the dissociation is driverfdstoin
the HOMO or LUMO levels of donor versus acceptor. Additional factarsalso
come into play [16]. Step 2 is the diffusion of excitons towards the
organic-organic interface. Step 3 is exciton dissociation, regulti electron
transfer to the acceptor materials and hole transfer to the dateriafs. Finally,
in step 4 the newly generated free charges are transported thearespective
electrodes through organic-metal interfaces and contribute tteemical current
in the external circuit. In Figure 1.1, the organic-organic (red $hadd
organic-metal (green shade) interfaces are of importanceneofOPV work

performance. The main body of this thesis will discuss these two interfaces
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Figure 1.1 Schematic illustrations of the four key steps in theergéon of
photocurrent from incident light in OPV cell: (1) photo absorption, (2)jtex
diffusion to donor-acceptor interface; (3) exciton dissociation amdragon,
which is driven by HOMO-LUMO offset, and (4) carriers colieat at the
electrode.

One barrier to the improvement of organic photovoltaic devices is an
incomplete understanding of electronic-morphology relationship on the ré@osc
It has become evident that the same material can exhibit a naite of
performances depending on variations in nanoscale film morphology (raslec
packing, domain alignment, and lateral and vertical phase sepaiiatioiced by
different processing condition [17-19]. Organic molecular films a@onta
combination of many ordered and disordered regions, grain boundaries,
heterogeneous interfaces, localized traps, and phase-separatashsdoimese
features impact charge generation, transport, recombination, injeekibaction
and trapping at sub-100nm length scales [18,20,21]. Indeed, the bulk
heterojunction is a very promising device structure for organicopbtitic

applications (Figure 1.2.a). Excitons produced by photo absorption argsalwa



within the diffusion distance of an interface, allowing efficieharge separation
throughout the bulk of the device. There is great interest in understatging
molecular interactions that produce device structures reliabbedRehers have
applied an entire range of structural probes, from atomic farcescopy (AFM)
to x-ray scattering, to better characterize structurahtiaris, however, there is a
clear need for high-resolution measurements that correlatéraic properties
directly with local film morphology at the molecular level. Tlwalg of this thesis
are to study the following two issues at the organic-organierfatte and
organic-metal interface:

» Effect of molecular orientation along the donor-acceptor interfate

energy level alignment (Figure 1.2.b)

* Mechanisms by which nano-phase structures form and evolve in

vapor-deposited films
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Figure 1.2 Schematic illustrations of (a) bulk heterojunction withh hig
donor-acceptor interfacial area for organic solar cell; (b)etffiect of relative
orientation and donor-acceptor distance on charge separation at the chapiocia
interface.

Within the field of organic photovoltaics, currently two differentsskes of
materials are investigated [22, 23]. polymers and oligomers.nfRosy are
chain-like molecules that can be rendered soluble in organic sobsmahigre well
suited for mass production. Oligomers and small molecules involvehaaodding
effort such as acquiring more expensive film fabrication equipraedtprecise
fabrication conditions, but can be prepared in very well orderets fof high
purity [24]. In this thesis, | focus on small molecules and wellered films
because they are better suited to fundamental studies. The high-fijmas then
can serve as model systems that will ultimately make giplesto understand the
properties of polymers, in particular the mechanisms governimgnibrphology
and charge transport.

The systems | will discuss in this thesis are: pentadenk:(s0[25-28], zinc



phthalocyanine (ZnPc)dg[24-26] and ZnPc :perfluorinated zinc phthalocyanine
(F1eZnPc). For these systems, photovoltaic efficiency has alreadydségblished,

but the knowledge and control of processing conditions are still limited.

1.2.0rganic Molecules Adsorbed on Surfaces

1.2.1. Fundamental Aspects of Molecular Thin Film

Growth

When organic molecules are deposited on solid substrates, theositisat
very complex. Molecules—in contrast to atoms—have a shape witthayced
anisotropy. This introduces a new dimensionality to thin film growtbredver,
molecules are nonrigid and can undergo deformation when brought into contact
with a substrate. Also for many organic molecules a unique bulk structure does not
exist [29]. Different polymorphs give rise to different arramgnts for a given
molecule and sometimes pronounced differences in molecular packingitb
very similar lattice energies.

When organic molecules are brought into contact with solid sulsstiate
tandem with distortion, molecules will form a bond to the substrate, the strength of
which can vary from 0.5 eV to 2 eV [24]. In the simplest case ofigpbryion,
van der Waals interactions are involved. For aromatic compounds, ioufsart
when deposited on metallic substrates, the moleausgstem interaction with the

substrate can vary dependent on aromatic molecules and sulbsiratee metals



like Ag(111), the interaction can be weak (pentacene on Ag(1li3twer strong
(3,4,9,10-perylene-tetracarboxylic acid dianhydride (PTCDA)/Ag(1139]. In
general, the formation of ordered monolayers of organic molesufgs/erned by
the molecule-molecule and overlayer-substrate interactions. Deperading
registration to the substrate, the formation of different typesddred monolayer
structures may be classified as commensurate, coincident, or nre@wurate
phases [31]:

* Commensurate: All the overlayer lattice points lie simultangaurstwo
primitive substrate lattice lines and coincide with symmetnyivalent
substrate points. This can be described as “point-on-point” coincidence.

* Coincident: Every lattice point of the overlayer lies at leastone
primitive lattice line of the substrate, a condition that has besarithed
generally as “point-on-line” coincidence.

* Incommensurate: Under this condition, no distinctive registry between

the substrate lattice and the deposit lattice exists.

1.2.2. Electronic Coupling of Adsorbed Molecules to the
Underlying Substrate

When organic molecules and the surface of another materiaha@gpért,
their energy levels align by sharing the vacuum level atitafdistance, as shown

in Figure 1.3.a. When organic molecules are brought into contact with anothe



material surface, the adsorption process generally modifiesatieoglic structure
of the molecules at the interface through polarization of thérefedensity of the
organic materials due to interaction with the image charge wsutisrate surface,
rehybridized orbitals, partial charge transfer through covalent argabistrate
bonds, charge transfer across the organic-substrate interfackcutao
organization by (inter)diffusion across the organic/substraterfact and
adsorption-induced reconstruction [32, 33]. These effects lead dgnerahe
formation of a dipole layer. The dipole layer will lead to a shiiftacuum level,
as shown in Figure 1.3.b. Relating the magnitude of the sh)ftd the electronic
details presents a significant research challenge.
In the present work, the impact of molecular adsorption geometry on

interfacial electronic structure will be of particular interest.
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Figure 1.3 Electronic structure of a metal and an organic solicagsuming
common vacuum level; (b) assuming a shift of vacuum leaekhe interface due
to dipole layer formation. In this figure, the organic side is gddrpositive,
increasing the electron affinity (EA).



1.3.Investigation Methods

Morphology evolution in binary molecular films is a challengingeassh
problem. Under the assumption of no chemical reaction between donor and
acceptor molecules, thermodynamics dictates that lower tetupergrowth
conditions will favor phase-separated domains, with higher temperature conditions
generally needed for entropically driven mixed structures3[@1 Actual film
growth generally proceeds under far-from-equilibrium conditions, haweve
limited surface mobility leads to greater admixing at lowenperature. In the
absence of donor-acceptor chemical reactions, film processing oosdguch as
relative flux, substrate temperature, and deposition sequence, witblc@im
morphology.

Organic molecular beam deposition (OMBD) is an ideal growth tgalenfior
studying the effects of the deposition conditions on the propertiesolgicatar
films [34]. Samples prepared by OMBD allow for stringewintcol of film
thickness, composition and processing conditions. Growth strategies thaeinvol
both sequential deposition and co-deposition are used to selectivetatakiiim
structures that include nano-phase-separated, intermixed (caHomg3t and
layered phases. From previous studies conducted in our group, binary monolayer
films of a donor (9-acridine carboxylic acid (ACA)) and anegtor (Go) were
fabricated with structures that range from an intermixed Ichitzase to
nano-phase-separated single component domains [35]. Mismatched thermal

properties, molecular masses and molecular shapes of theofistitaents allow



for kinetic control of binary film morphology. To generate dististtictures, |
exploited the properties (structure and mobility) of the componentcoieke
Scanning tunneling microscopy/spectroscopy was performeth @itu grown
films to correlate structure with electronic properties bé tsame sample

nanoregions.
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Figure 1.4 Schematic illustration of strategy for falinnga binary films with
distinct chemical morphologies: (a) Monolayer phase diagram pglesi
components A and B showing richer phase behavior for A component; ftb) Le
column: Structurally distinct monolayers of A (labeled i-iv) proedi by
temperature-coveragd  d) control; Right column, Structurally distinct binary
films produced by B deposition on A monolayers i-iv.

1.4.Thesis Overview

This thesis will present a detailed structural and electrdracacterization of
three different organic binary systems and contrast their pregerfhe

experimental methods, including the ultra high vacuum systems (UsilVgr
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film preparation and organic film deposition are described in Chap&TM/STS
measurements and data analysis are also covered in this chhptproperties of
single component molecular filmszdAg(111), pentacene/Ag(111), ZnPc/Ag(111)
and ReZnPc/Ag(111) are presented in Chapter 3. Pentacene exhilhitphase
behavior on Ag(111) withT —¢ (temperature-coverage) control of gaseous,
ordered monolayer and bilayer structure. ZnPc exhibits two monaayetures

on Ag(111) with distinctly different stability and density. In @tex 4 three
distinct pentacenegg binary architectures will be discussed: (1) bilayer structure
with “standing up” pentacene; (2)s&linear chains on the pentacene crystalline
bilayer; (3) Go-pentacene co-crystalline network. In Chapter 5 three distinct
ZnPc:Go binary molecular films will be discussed: (1) bilayer simoe with
highly titled ZnPc; (2) & wandering chains formation on the ZnPc high density
monolayer; (3) G-ZnPc co-crystalline formation from the annealing of
metastable €/ZnPc bilayer films. In Chapter 6, co-crystalline ZnReZRPc
checkerboard molecular films are discussed. A summative compaesd

suggestions for future work will be presented in Chapter 7.
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2. Chapter 2 Experimental M ethods

As discussed in Chapter 1, the electronic properties of organifilthghare,
in many cases, strongly dependent on properties of the individual uteddbat
constitute the film. Investigation of electronic-morphology relatigrs at the
molecular scale is thus a challenging research topic. Scapnitves are ideally
suited to the study of organic semiconductor thin films becauseoitides
structural and electronic information of the same sample nanoregions.

In this chapter, | will start with the basic principle of SBJS. Then | will
describe the experimental setups for all the experiments déscursthe following

chapters.

2.1.Scanning Tunneling Microscopy (STM)/
Scanning Tunneling Spectroscopy (STS)

In 1982, Binnig and Rohrer [36] and their colleagues at the IBM labs in
Zurich invented a new kind of surface analytical instrument—Scanningeling
Microscopy (STM). The emergence of STM represented a genuwngitien in
surface science and solid-state physics. STM makes it ppssidirectly observe
geometric and electronic surface structures on the atomicdesaaibient pressure
and at room temperature. This technique has revolutionized surfacees@nd

the way we study surface phenomena. G. Binnig and H. Rohrer werdealvtbe
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Nobel Prize in physics 4 years later for their work.

The STM is based on the concept of quantum tunneling. When a sharp
metallic tip is brought very close about an atomic diameter tmralucting
substrate, a bias voltage applied between the two will caustoekedo tunnel
through the junction. The current flow between the tip and the sanmpleylst
depends on the tip to surface gap due to the tunneling effect. Vé®rsider this
to be physically equivalent to the 1D case of an electron encounteri
rectangular potential barrier. The current transmitted is ginepponentially
dependent on the barrier width [37]:

| o (V/2)explAd2) Eq. (2.1)
wherez is the barrier widthy is the bias across the barrigiis the barrier height.
Equation.(2.1) demonstrates that the probability traihsmission through the
barrier decreases exponentially with the thickreigdbe barrier £) and the square
root of the barrier heighig(). This fact is the basis for interpreting the ireags
simply a contour of constant height above the serfa

Unfortunately, this simple model is not good enoughnterpret an image
with sub-angstrom corrugation. In order to understahe operation of real
microscopes, a more sophisticated model of theudddling current is required.
The most commonly used theoretical model was deeeldy Bardeen in 1961
[38]. Bardeen proposed using first order time-delean perturbation theory to
solve for the overlap of the wavefunctions of timlasample, using Fermi’s golden

rule. With a sample bias-the total tunneling current is calculated as {39]

13



=2 [[1(E, —eV+o) - (E, + )]0, (E —eV+2)p,(E, +)M,de Eq.
n
2.2)

where f(E;) is the Fermi functionV the applied voltage,p.,and p, are the
local density of state (LDOS) of sample and ti,.the tunneling matrix element

between electron states in tip and in sanidle. is determined by

2
N (dS (w V .~V
M =288 (Vi —w. Vi) Eq. (2.3)

where the integral is over some surface in the wac(barrier) region separating
the two sides.y, and y, are the wavefunctions of surface and tip, respelgti

If the Fermi level is approximated as a step-fuorctnd the tunneling matrM is
constant over the energy interval [40], the tumgeturrent can be written as:

Lo [ pu(Er —eV+£)p,(E, +6)de Eq. (2.4)
which indicates that both states contribute equallhe tunneling current. Ideally,
we would like to relate the STM image directly tpraperty of the surface. Since
the detailed properties of the tip are unknown,clveose a form for the tip wave
function proposed by Tersoff and Hamann [41]. k& Tlersoff-Hamann model, the
wave function of the substrate and the tip areidensd as separated, undisturbed
systems. The tip is treated as a spherical potemtith (s wave) and the density of
states of the tip is a constant. Eq. (2.4) carub@ér simplified, and the density of
states of the sample can become:

N XA Eq. (2.5)
dv
From this theory, we know that the tunneling cutiiera function of the bias

voltageV, and the distance between tip and sample. In aymonstant-current
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topographic imaging modes, the tip is scanned actbs surface at constant
tunneling current, which is maintained at a presdtie by continuously adjusting
the vertical tip position with the feedback voltagegure 2.1). The height of the
tip z(x,y) as a function of position is recordedigrocessed by a computer [42].
In this thesis, STM will be performed in constantrent topographic imaging

mode.

SCan

X

Figure 2.1 Schematic illustration of STM in comét@urrent imaging mode.
Images are acquired by moving the tip across thiasi while recording the tip
height (z) needed to maintain constant tunnelingetii at a fixed bias voltage.

While the dependence of current on position revdesgeometric structure
of the surface, the dependence of current on weltages information about its
electronic structure. As shown in Eq. (2.5), thstfderivative of the tunneling
current is proportional to the local density of odenic states. Of particular
interest in my work is the use of an STM as anrumsent to perform spatially

resolved spectroscopy on a variety of organic muécthin films at room
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temperature.

Conventionall-V curves are obtained by measuring the variatiorthef
tunneling current as a function of voltage at astamt tip-sample separatian
This measurement requires the addition of a samupdehold circuit to the
feedback loop. This circuit holds the tip positistable while the voltage is
ramped and the current response is measured.dnmihdle, the feedback loop is
inactive, allowing the fixed tip position and evire complete nulling of current.
For small voltages, <, the I-V curves show a linear voltage-dependence
characteristic of ohmic behavior. For larger voitsigthe exponential dependence
dominates thd-V characteristic. For separatinf™ 2\ no current is observed at
lower voltages. Consequently, spectroscopic dataardy be obtained over a
limited voltage range for a fixed separation.

Excessive currents during spectroscopy often danfdge structure by
displacing molecules or inducing chemical reactioAn alternative method for
measuring spectroscopic data is to keep the fe&daettve while ramping the
voltage at a fixed tunneling current to g€V) curves. The tunneling current is
held constant by moving the tip. In this way thp-dample separation is
constantly adjusting itself, and a large dynamitgeain voltage can be obtained.
This mode is suitable for soft molecular layersomm temperature where damage
by large currents in conventionV) measurements [43-45]. To minimize film
perturbation, low (~50 pA) currents are utilizeddaimp heightz begins at a

noncontact position (controlled via the initial tagje of ca. 0.5 V). The position

16



is then monitored as voltage is increased undestaah low-current conditions.
Electronic states are detected as steps inz(k@ trace, where the tip rapidly
retracts due to an increase in tunneling probgbdiie to the resonance (Figure
2.2 ). Of course, the tip response time Zanotion must be faster than the ramp
rate. One limitation of this approach is that loweitages € 0.4V) cannot be
measured reliably due to strong tip-sample intevast Thus, one cannot scan
through zero bias with this method. In this thesis,utilizez-V measurements to
determine the energetic positions of electronitestavith respect to the Fermi
level. Additional information on the LDOS is notgsible because of the unknown
instrumental response of the retracting tip. Expernital validation of this method
is shown in Figure 2.3 whemV) spectra of (2\/§>< 2\/§) R30°monolayer of G
on Ag(111) (Figure 2.3.a) are used to determine eéhergetic positions of
electronic states and are compared to the restlidt@violet photoemission
spectroscopy (UPS) (Figure 2.3.b). In general, tite measurements are in

agreement within a few of tenths of an eV.

I Tip
Retract

Tunnel
Current=
Constant

Figure 2.2 Schematic illustration bfV) curve measurement
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Figure 2.3 Validation of-V scanning tunneling spectroscopy. Comparison of the

Binding Energy (eV)

highest occupied molecular orbitals (HOMO) f()z\/§>< 2J§) R30°-Cso/Ag(111):
(a) z-V spectroscopy, (b) ultraviolet photoemission speciopy (UPS)

In summary, the main merits pfV STS used for this thesis are:

. It minimizes perturbation of organic films by maiting low tunneling

current;

. The morphology/composition dependence of electratiocture can be

measured with submolecular resolution;

. Accurate measurements of energy state within ~®@fel; can be reliably

determined.

*  Spectroscopic measurements are possible on roopetatare samples.

18



2.2.Experimental Setup

2.2.1. Omicron VT-STM

8}

Figure 2.4 Cross section of the UHV chamber anccasiponents; (a) Linear
transfer arm; (b) Organic molecular evaporatory;Gate valve; (d) Load lock
chamber; (e) Quartz crystal microbalance; (f) Sctewdjust crystal position; ()
Gate valve; (h) Organic molecular evaporator; (y-x sample manipulator; (j)
Heated sample stage; (k) Sputter gun; () Tip/sanggirousel; (m) VT-STM; (n)
Wobble stick; (0) CCD camera;

All the experiments in this thesis were performathvan Omicron Variable
Temperature STM (VT- STM) in an ultra-high vacuuhamber. Figure 2.4 is a
schematic of the layout of the UHV apparatus.

The VT-STM permits STM measurements at sample teatyoes from 25 K
to 1400 K. In this thesis, measurements were paddrat 50 K and 300 K. The

four steel tubes extending perpendicular to theetowonflaf™ flange house steel
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springs from which the microscope stage is suspknideing scanning. Copper
fins surrounding the rim of the stage have magmhetsveen them to provide
additional eddy current damping (Figure 2.5.a). ®mealler cylindrical tube

extending at an angle through the base of the gtay#édes a connection from the
sample to a continuous flow cryostat. The sampie @n the assembly on the
center of the stage and can be transferred viabblstick visible.

A single tube scannefQumx10um) is employed in the VT-STM. STM tips
are magnetically fastened to the scanner and egelam-situ using a special tip
transfer holder and the wobble stick. Figure B)5ghows a schematic of the
scanner-sample assembly. The cylindrically symmetiesign allows uniform
thermal expansion of tip, scanner and sample. Tfédsices unwanted thermal
drift in the tip position relative to the sampleThis design further permits
scanning while the temperature of the sample is@ba without risk of crashing

the tip or losing the tunneling signal.
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Figure 2.5 (a) Omicron VT-STM stage after removdl vacuum shroud.
(http://www.omicron.de/products/spm/variable tempe® instruments/vt_stm/
(b) Schematic illustration of VT-STM scanner arramggnt

2.2.2. Ultra-high Vacuum (UHV) Requirement for

Surface and I nterface Char acterization

The characterization of surfaces and interfaceseaitomic level requires an
atomically clean surface that remains essentialighanged over the duration of
the experiment. According to the kinetic theorygases, the flux of molecules

impinging on the surface from the environment isegi by the expression

P . . .
| =———, whereP is the pressurem is the mass of a moleculég is

N 2imk, T
Boltzmann’s constant, anflis the temperature. Assuming that, all the molesul

that strike the surface stick, the time to form anolayer on the surface is
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calculated by the expressio&%, wherengis the number of atoms in monolayer.
For a given species of gas and for a given temypexdtdepends on pressure. For
a typical atomic density of a surfagg, =10"cm™, m = 28 amu (atomic mass
unit), andT~290 K, 7 is calculated to be 3 nanosecond at 760 Torr (spmeric
pressure) and 1 hour at10orr[46]. Because an experiment generally takes one
hour or longer, a pressure better thant®lorr is required for the maximum
contamination not to exceed a few percent of serf@ommic density during an
experiment. A vacuum pressure in the regime o rr, conventionally known

as an ultra-high vacuum (UHV), is a prerequisitedioaracterization and is used

in this thesis.

2.2.3. Organic Molecular Beam Deposition (OMBD)

One of the most important advantages of the usati@high vacuum (UHV)
is the possibility to grow organic thin films wittxtremely high chemical purity
and structural precision at monolayer control [@]-Zypically, growth occurs by
the evaporation of a highly purified powder frorteenperature controlled oven or
Knudsen cell in a background vacuum ranging frond &0 10 Torr [50]. The
organic molecules are deposited on a substrate geglgendicular to the beam
approximately 10-20 cm from the source. The amaintaterial deposited is
controlled by a combination of flux (regulated bgusce temperature and

sample-source distance) and exposure time (regulafea mechanical shutter,
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which can switch the beam flux from “on” to “off"flux is calibrated with a
guartz crystal microbalance thin film monitor [47].
The deposition parameters for each sample willibeudsed in detail in the

following chapters.

2.2.4. Substrate Prepar ation

The substrates used in all the experiments arelAyfilms. The reasons we
choose Ag(111) are:

* Silver is an electrode material in photovoltaic lagggions

* Ag(111) supports molecular adsorption of many atmnhydrocarbons,

including carboxylic acids, without chemical reactiat room temperature

* Ag(111) surface fabrication and cleaning recipeemstablished in our group

The Ag(111) substrates were prepared by depositi6§0~800 nm epitaxial
film of Ag on freshly cleaved mica (SPI, V4 gradejder vacuumix10° Torr).
According to an established method [51], the dejmrsrates were about 10 nm/s,
which was monitored using a quartz crystal micrabeé (QCM), while the
substrate was held at a temperature of 500 K.

The films were transferred through air to the UHNamber for further
cleaning by cycles argon sputtering/annealing. Iy experiment, typical ion
sputtering utilized 1 KeV Ar beams. The differentially pumped *Asource

operating at 1 KV, 10 mA aBx10°® Torr generates an ion current of ~/12.
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The energetic ions exchange energy with the at@ihse( and contaminants) on
and near the surface, causing ejection of bombarsjseties producing a
chemically clean surface. The Ag(111) films werattgred at room temperature,
resulting in microscopically rough films with pi@sd mounds as per Figure 2.6.a.
A sputtered surface can be smoothed by subseqoeealkng. During annealing,
the surface atoms diffuse over the surface and tealdefects. Typically the
Ag(111) surface was sputtered for 1 hour and aedeal 500 K for 30 minutes.
The resulting surface was then characterized by SFMure 2.6.b) and low
energy electron diffraction (not shown) giving ghddll) diffraction features,

indicative of a single crystalline film.

Figure 2.6 Representative STM image of (a) A clag(lll) surface with pits and
mounds right after sputtering; (b) A clean, smoagjil11) surface after sputtering
and annealing.

2.2.5. Tip preparation for STM

Electrochemically etched tungsten tips were usedafb the experiments
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presented in this thesis. They are prepared byngibod reported by A. Melmed
[52]. Briefly, a straight piece of tungsten wirefisst etched by using 2M KOH
solution and ~ 5 VAC from a Varid® with a carbon counter electrode (Figure
2.7.a). The resulting tip is then fine etched vatthin layer of 0.5M solution KOH,
suspended in a fine loop of Pt wire. The loop isreabforward over the very end
of the tip under the control of an optical micrgseand an AC etching voltage
(3~5 V) is applied during the forward motion (withsimple on-off switch in
series with the Varid®). Fine etching is repeated until the tip end appéazzy
due to the optical fringes that appear for thedings (Figure 2.7.b). After fine
etching the tip is rinsed with deionized water. Thegsten tip is then transferred
into the UHV chamber. Before using it for imaginipe “wet” oxide layer
covering the tip is removed by an electron beamtinent. With a current of 1 A
through the filament and 200 V bias applied on tigrmally emitted electrons
flow to the tip and heat it (Figure 2.8). With a>xmaum current to the tip of

0.1u A, the tip is heated for ~30 s.

a b
SVAC < solution
i ! tip
carbon _—JVI tip N .
electrode ﬁ|
KOH 5VAC

Figure 2.7 Schematic illustration of experimenigldtching setup: (a) coarse etch;
(b) fine etch
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filament

Figure 2.8 Schematic of the STM tip conditioninggess: Thermionic emission
from a nearby tungsten filament bombards the STM tiA tip-filament potential
difference of 200 V and a filament current of 1.@w& typical.
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3. Chapter 3 Single Component

Monolayer Phases

As an introduction to the structural and electropioperties of binary
systems, | will first describe single componentnBl on Ag(111). The pentacene
studies have been published in Journal of Phy§lbalmistry C (D. B. Dougherty,
W. Jin, W. G. Cullen, J. E. Reutt-Robey, S. W. Robéariable Temperature
Scanning Tunneling Microscopy of Pentacene Monolaye Bilayer Phases on
Ag(111) the Journal of Physical Chemistry C 2008: p.20334-20339). In this
collaborative effort, | did sample preparation, adatcquisition and structural

model determination.

3.1. Cg0n Ag(111)

Fullerenes are among the best acceptor materialsrf@nic photovoltaics
owing to excellent exciton mobility, a relativelytable triplet state, and a
relatively large exciton diffusion length [53], vahi has been reported to be as
long as 400A [54]. Combined with its high electron affinity, s and its
derivatives have received much attention and haen ladopted extensively for
organic solar cells [26, 55-59]§;is an organic molecule in which the 60 carbon
atoms are arranged in 20 hexagons and 12 pentdafganhsnterlock to form a

sphere. In this structure each carbonsj hybridized bonded to three other
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carbon atoms with an average bond length of AE&D] The calculated &

diameter is 7.](.& [61]. G50 has a nearest neighbor distance of 15\Oi¢1 the bulk

(111) plane of thdcc lattice at 300 K [62]. The crystal is quite softith the
compressibility at low pressure alorapy axis being comparable to that of
graphite along it axis [63]. The energy gap between the lowest wnued
molecular orbital (LUMO) and the highest occupiedi@cular orbital (HOMO) is

1.9 eV [60]. Gotherefore is an intrinsic semiconductor.

Figure 3.1 Chemical structure o§C

The adsorption of § molecules on Ag(111) surfaces has been studied in
numerous STM experiments [64-67]. At room tempemtis, molecules are
highly mobile on Ag(111) terraces and migrate aagrsgate to the step edge,
where they nucleate and form 2D islands. The islat@hsist of g molecules
arranged in a close-packed hexagonal structures (mﬁxzﬁ)Rsof’ structure is
commensurate with the substrate and all moleculesadsorbed at hollow sites

[65-69]. An x-ray photoelectron diffraction (XPDJusly at room temperature
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concluded that the monolayer is a mixture of twermations, one with the g
hexagonal face down, and the other with a C-C badman [70]. Anab initio
density functional theory (DFT) calculation for tekame structure found that the
ground state adsorption geometry is ltlop hollow site, with the hexagonal face
down [68], as shown in Figure 3.2.c. A partial deartransfer Aq of
approximately of 0.8 electrons from the silver stdis to each g molecule in
the monolayer has been reported [71]. Previous d¢eatyre programmed
desorption (TPD) studies reveal that the desorptemperature for £ from
Ag(111) is about 770 K, with a fullerene-substratteraction of 2 eV/molecule

[65, 66].

Height nm

A topographic profile is shown for the indicated ndj (b)
(zﬁxzﬁ)Rsoo commensurate structure model a¢b@ superimposed on the STM

image, (c) Structural model.
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3.2.Pentacene on Ag(111)

3.2.1. Introduction

Pentacene is currently regarded as among the mmshiging organic
molecules for electronic device applications. Pegne (G4H,), a fused aromatic
molecule, contains of five benzene rings (Figurg 8). Its bulk phase has a
triclinic crystal structure with two molecules panit cell and it forms a layered
structure along the <001> direction, with the hegbone arrangement of
molecules in the (001) plane [72, 73] (Figure 3.3@rganic thin film transistor
based on pentacene shows charge mobilities in ®xdescni/Vs [6]. Since Si@
is often employed as the gate dielectric in OTHHsre are many reported studies
of pentacene/SiQinterface formation [74-80]. On SiCas well as molecular
monolayer passivated surfaces, pentacene moleadept a nearly standing
orientation relative to the surface. The resultistgnding up” phase is comparable
to theab plane of the bulk crystal. The interplane spa@hgionolayer is usually
larger than that of bulk pentacerdy,; from 14.1 /K to 16.1 ;& [81] due to
different tilting angles of the long molecular axdfentacene-metal interfaces have
also attracted considerable interest as electdoatacts in thin film devices.
Examples of structural studies of pentacene onenobétal surfaces include
pentacene on Cu(110) [82-85], Cu(119) [85], Au(1189-87], Ag(110) [88],
Ag(111) [89-92] and Au(11l) [93-95]. In contrast i3 behavior on Sig)

pentacene adopts a flat orientation on metal mgeota and often forms
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commensurate ordered overlayers.

NN N NN
L L L
A /\ /\ /j\ /,\
NN
Figure 3.3 Structural models: (a) Individual peetae molecule; (b) (110) plane
of bulk pentacene shows herringbone molecular genarent

There is an especially interesting point aboutatisorption of pentacene on
Ag(111). Recently, Eremtchenket al proposed a novel growth mode for this
system in which an ordered second layer of pentaderms on top of an
apparently disordered first layer at 300 K [89].dontrast to Au(111) [93-95],
where a multitude of different ordered structuneseain the first layer, ordering in
the first pentacene layer on Ag(111) was not dyeabserved at room
temperature and has been reported only for coolgd14) substrates [90, 92].
Kafer and Witte have questioned the interpretatbizremtchenkaet al on the
basis of a multi-technique study that showed siggift similarities in growth
mode between pentacene on Ag(11l) and pentacengu¢iil) [91]. These
authors suggested that the proposed ordered bitelyAig(111) may instead be an
orderedmonolayersimilar to those seen on Au(111) [93-95]. Our ekpents

tried to answer the critical question raised by disagreement in references [89]
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and [91] about the initial growth mode of pentaceme Ag(111): under what

conditions does long-range order exist in the fitrsnolayer?

3.2.2. Experimental

Pentacene was evaporated in a preparation chamase pressure 2 x 10
Torr) from a boron nitride (BN) crucible in an edfan cell (Createc, SFC-40) held
at a temperature of 390 K. The effusion cell wasaled 5 cm from the Ag
substrate and 18 cm from a quartz crystal micratzalgd QCM) used to monitor
the deposition rate. In the present experimentdeposition rate of I8 nm/s
measured with the QCM yielded a complete pentatdager in 2.0 + 0.5 min.
The absolute quantity of material deposited oneAly substrate at this flux was
then more precisely calibrated from molecularlyotesd STM images of different
layers acquired at 50 K. The areal density of mdés in the first layer was
0.7-0.8 molecules/nmand the areal density in the second layer was 0.7
molecules/nrh

All STM imaging was performed in constant-currentoda with
electrochemically etched tungsten tips. Tips weratdd after introduction into the
UHV chamber by electron bombardment. Subsequehtty, were reprocessed in
the STM, as needed by applying combinations oferurand voltage pulsing. The
sample was cooled in the STM stage to 50 + 10 Kgusl continuous flow

cryostat. Sample temperature was monitored with iadi8de thermometer
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(Lakeshore) mounted on the STM stage near the sopigtie.

STM images measured at 50 K were corrected fothienal drift that exists
due to the temperature gradient between the tip K0and the sample (50 K).
This was carried out by measuring the drift vectiba fixed surface feature (e.g.,
a step edge or point impurity) and using this vedim generate a linear
transformation to correct STM images measured wigi minute to 1 hour of the
drift vector measurement. The accuracy of this @doce was confirmed with
known surface structures, such as t(m@x 2\/§)R30° monolayer of G on

Ag(111).

3.2.3. Result

3.2.3.1. Pentacene Adsorption on Ag(111) at 300K

In this section, we present data explicitly illasing the growth of the
ordered pentacene structure on Ag(111l) at 300 Hlowimg the efforts of
Eremtchenkoet al, [89], we address the growth in more quantitatiletail.
Figure 3.4.a shows an STM image measured after @ 8(posure to pentacene,
where no evidence of ordering can be seen. In €igut.b, the first signs of order
are present (after a 60 s pentacene exposureg ifotim of small domains (white
arrows in Figure 3.4.b) near the Ag(111) surfaapst Under these tunneling
conditions (-0.82V, 0.095nA), the ordered domaimsehcomparable (or even

slightly smaller) apparent heights than their immtzglsurroundings. This height
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information is clouded by the convolution of dewsdf electronic states and
topography in STM. However, the relative appareeight is in the range
observed for ordered molecular monolayers that isbexith mobile 2D gas

phases [96].

o] a) o e

Figure 3.4 Growth of ordered pentacene on Ag(llljoam temperature for
different deposition times: (a) 30 s; 2D gas; (B)s6 stripes appears at silver step
edges (white arrows); (c) 78 s; (d) 106 s; stripeseases in area with deposition
time.

Figure 3.4.c shows approximately 50% coverage byotidered structure (78
s exposure), and Figure 3.4.d shows a nearly caepteverage of the structure
(106 s exposure). In Figure 3.5, the percentagéasairarea covered by the
ordered structure as measured from the STM imagdsgure 3.4, as well as
others measured during the same sequential depostiperiment, is plotted
versus total deposition time. The inset of Figufe shows the same data plotted

versus nominal thickness measured at the positioth® QCM during the
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deposition.
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Figure 3.5 Percentage surface covered by orderethgene structures at room
temperature as a function of deposition time umdestant pentacene flux of T0
nm/s measured by QCM. This plot includes Figure Mdasurements and
additional images acquired during the same growtpeement. Error bars
represent the standard deviation of percent coeemagasured in different regions
of the surface (3-5 different 50-100nm regionskeln The same data plotted
versus the nominal thickness measured with a QCMnguthe sequential
deposition steps.

The growth of the ordered structure may thus beracherized by the
minimum pentacene coverage required for nucleafjachieved at~50 s
deposition time) and the subsequent approximaiedal growth in the factional
surface area occupied by this structure. This grasize increase for the ordered
phase strongly suggests a bilayer phase. In gerserabnolayer phase transition

would be expected to display a more abrupt sizease following nucleation.

35



3.2.3.2. Ordered Pentacene on Ag(111) at 50K

Molecular resolution was readily achieved for tleaacene bilayer regions at
300 K, such as those in the STM images in Figu4éh3d. The areas surrounding
these islands were observed to be either noispaturfeless, in agreement with
the report in reference [89]. Also in agreementhwtite previous work is the
observation that the bilayer nucleates in smadinds at the edges of monatomic
Ag steps, as shown in the STM image measured aK300-igure 3.4.b.

When the sample is imaged at 50 K, the region®anding the small bilayer
islands no longer appear featureless but, instgaoly a regular arrangement of
molecular-scale features, as illustrated in the Sidge in Figure 3.6.a. These
features are consistent in size and shape with céxjpens for a pentacene
molecule lying flat on the Ag(111) surface [89-9RJ.contrast, the appearance of
pentacene molecules in the bilayer island regiomaisower, consistent with the
likelihood that they are tilted [88° ~ 34°out of the plane of the surface [89, 91].

The proposed structure model is in Figure 3.6.c-d.
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Figure 3.6(a) STM image measured at 50 K afterguame deposition at 300 K
illustrating order surrounding bilayer island edggs STM image measured at 50
K illustrating first layer molecules that are paliif covered by second layer
molecules near an island boundary. Note that setayet molecules (unit cell

indicated by the white polygon) in this image appas two-lobed structures.
Schematic of pentacene bilayer unit cells on AgA{) Top view (d) Side view

The molecular topography along the interface betwtbe bilayer island and
pentacene monolayer confirms that the ordered tstic described by
Eremtchenkoet. al. is, indeed, a bilayer, as opposed to a high-demsidered
monolayer phase [89]. Most importantly, as seenFigure 3.6.b, bilayer
molecules at the edge of the island partially obsecoolecules in the monolayer,
definitively proving that these domains comprisgrawing second layer. The
double-lobed submolecular structure of each bilgetacene molecule in this
STM image was previously reported [89] and likedflects the nodal structure of
low lying molecular orbitals of pentacene.

Away from the bilayer islands, two different mongda phases coexist on
Ag(111), as shown in Figure 3.7. Each of these plvases was observed with

comparable frequency in the coverage regime we kawdied (at the onset of
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formation of ordered bilayer islands). Addition&lustures might be accessible at

yet lower pentacene coverages, as reported on Au[832-92].

Figure 3.7 STM image measured at 50 K after groath300 K reveals
coexistence of two different ordered monolayer phas
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Figure 3.8(a) STM image showing a structure 1 domaith the unit cell
highlighted and (b) STM image showing a structurdoZnain with the unit cell

highlighted.

The ordered pentacene structure in Figure 3.8rac(ste 1) has an oblique
unit cell, as indicated in the STM image. The disiens of the unit cell are
a= 085+ 005nm and b= 170+ 012nm with an included angle 60+2°. The
long axis of the pentacene molecules in this clopelcked structure coincides
with the [JiO] direction of the Ag(111) surface lattice. Theogrbars in the lattice
parameters are thedq)Lstandard deviations of a sampling of length mesasents
made on different unit cells (50) in several higkalution STM images, such as
Figure 3.8.a. A lower density monolayer structuse&ructure 2) coexists with

structure 1 and is shown in Figure 3.8.b. Thiscitme has pentacene molecules
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arranged in a unit cell with dimensioas 1.0 £ 0.1 nmb = 1.5 + 0.1 nm, with an
included angle of71+2°. The long axis of the molecule in the lower densit

structure (structure 2) makes an anglel®f with the []:10] surface direction on

the Ag substrate.

3.2.4. Discussion

3.2.4.1. Room Temperature Pentacene Monolayers: Order vs. Disorder

It is remarkable that STM measurements made at KB0€annot detect
topographic variations due to the presence of fager pentacene molecules on
Ag(111) (apart from a general tendency for imagelke more “noisy”). This is a
significant contrast to STM measurements of pem@an other surfaces [82-86,
89-92], especially Au(111), which is structurallgngdar to Ag(111).

On the basis of the lack of direct resolution aoftflayer molecular features at
300 K, pentacene molecules must be extremely malnlé\g(111). Static, but
disordered molecules, would still be imaged as gogphic protrusions. We thus
surmise that the first layer of pentacene on Ag(lédists as a dynamically
disordered 2D phase of rapidly moving molecule8Cfi K [96]. Upon cooling,
this “2D gas” then condenses into the ordered &tras shown in Figure 3.6-3.8.
We note that low energy atom diffraction (LEAD) maeeements did not observe
a monolayer structural transition between 200K 2@k [90]. This indicates that

the ordered monolayer phases are already nuclebyed?00 K and that
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condensation occurs somewhere between this terapeatd 300 K.

The possible influence of the STM tip on this “2@sy must also be
considered. In fact, the tip can cause signifiqgaerturbations even for strongly
chemisorbed molecular layers [97]. The STM tip neajrance the mobility of
pentacene molecules in the first layer on Ag(11ig tb attractive van der Waals
interactions that tend to lift molecules from theface. In our experiments, the
tunneling resistance was held quite high (1Q®)Qo minimize tip—sample
interactions. On the basis of these conditions unlikely that tip perturbations
are solely responsible for the apparent dynamiordes in the first layer. If they
were, the gentle tunneling conditions we have eggaowould preserve some
remnant indications of order that would disappedh wontinued STM imaging.
Since this order remnant was never observed, welwba that the first layer of
pentacene on Ag(111) exists as a 2D gas phase winalsiéity may be somewhat

enhanced by the presence of the STM tip.

3.2.4.2. Structural Models of Pentacene Monolayer Phases

The ordered monolayer structures that we have wobdeat 50 K provide
useful insight into the surface bonding and intdeoolar interactions of
pentacene on Ag(111l). The unit cells for structufesand 2 are shown
schematically in Figure 3.9. First, it is worth ptng out that the unit cell

dimensions for both first-layer structures are Emio pentacene monolayer unit

40



cells on other surfaces [82-95]. Most significanliructure 1 is identical to the
monolayer structure of pentacene on Ag(111) obsebyeDanismanret al after
hyperthermal molecular beam growth of pentacer9@tK [90], and structure 2
is identical to the “brick wall” structure observading STM at 77 K by Zhanet

al. [92]

o

[1T0]

Structure 1 Structure 2
Figure 3.9 Schematic of pentacene monolayer ulig oa Ag(111): (a) structure
1 and (b) structure 2.

In general, the spacing between pentacene moleguld®th monolayer
structures 1 and 2 is rather large along both times. Recently, density
functional theory calculations have been carried fmr pairs of coplanar
pentacene molecules in an effort to understandnmecular interactions on
surfaces [98]. These calculations suggest thattdirgermolecular interactions
between pentacene molecules are essentially nelgligt the distances observed
on Ag(111). The only exception is structure 2,vdrich theb unit cell dimension
would probably result in an attractive intermoleguinteraction for an isolated
dimer.

Given the large intermolecular distances and thpamgmt commensuration in

the monolayer structures, the Ag substrate is tivgoy cause of monolayer
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ordering at lower temperatures. This can origirfaben two effects: (1) direct

bonding interactions between pentacene and Ag(laay (2) indirect

substrate-induced intermolecular interactions. &he® effects will be addressed
below.

The desorption energy for monolayer pentacene oiflJAg has been
estimated to be about 1.5 eV [91], indicating thlhé molecule-substrate
interaction is strong enough to qualify as chenpgon. Furthermore, near edge
X-ray absorption fine structure (NEXAFS) spectrgscchas shown that the
molecular orbitals in the first pentacene monolagrer substantially modified by
interaction with the metal surface [91]. Other dstaf the direct bonding
interaction, such as the existence of a preferitedi@cation, between pentacene
and Ag(111) are not yet known from either experitnr@ncalculation. Since the
pentacene molecule is large and its lowest enemptats are significantly
delocalized, more than one surface site must baidered to understand the
adsorption structures. This probably contributeght® observed coexistence of
different monolayer structures in our experimemtd & others [93-95, 99, 100].
Since the molecule samples a number of differerfase sites simultaneously,
slightly different surface arrangements should lteso comparable total
adsorption energies.

Although the pure “through-space” component ofimt@ecular interactions
will be weak at these spacings, substrate-mediatethctions may be significant.

Now we consider the electrostatic repulsion betwewluced dipoles in the
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adsorbed pentacene. When any nonpolar moleculds@rized on a surface, the
intrinsic clean-surface dipole layer (due to chaftggill-out” [101]) induces a
dipole in the molecule related to its polarizakilithis effect is often responsible
for adsorption-induced work function changes causgdonpolar species. The
repulsion between induced dipoles will favor a tgeantermolecular spacing
than would be expected in the absence of the siwgace [98].

Indirect interactions between pentacene adsorbedesd also arise from
interferences due to the scattering of surfacee stlctrons from the molecules
[102, 103] or from elastic deformation of the Agfage [104]. A simple surface
state-mediated interaction picture (which woulddlda much larger pentacene
spacings of 2.4 nm [102, 103]) is unlikely. Finatlye distribution of the moderate
chemisorption interaction over multiple silver awnmplies negligible elastic
interactions [100]. Pentacene monolayer structueesessible only at lower
temperatures, thus appear most influenced by diveoting with the substrate

atoms and substrate-induced dipole repulsion.

3.2.4.3. The Pentacene Bilayer on Ag(111)

Previous assignment of the ordered pentacene @teuobservable at 300 K
to a pentacene bilayer is based upon the analysibamges in High Resolution
Electron Energy Loss Spectroscopy (HREELS) [89) BTM images in Figure

3.4 offer direct structural support of this assigm
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Quantitative measures of bilayer nucleation andvjtpas plotted in Figure
3.5, provide a final confirmation. The depositiomé required for completion of
the ordered structure (106 s) is approximately éwtice time required for the
initial appearance of the structure (50-60 s). 8atjal layer growth of two layers
with approximately equal molecular densities actsdar this growth behavior.
Molecularly resolved images obtained at 50 K reviealbilayer structure directly
and allow for absolute coverage calibration. Thadibtation eliminates the
difficulties, pointed out in reference [89], withterpreting thickness-dependent
STM data using nominal exposures measured with s1.QC

The density of second-row pentacene molecules eénbilayer phase (0.7
molecules/nrf) is comparable to the densities of the “structBtemonolayer
phase (0.7 molecules/@m and the “structure 1" monolayer phase (0.8
molecules/nrf). This permits an absolute calibration for thestant flux growth
data in Figure 3.5, where the total number of mdkst on the surface increases
approximately linearly with deposition time (slop®13 molecules/nfrs) for the
entire 0-106 s deposition interval. Such lineaistyexpected only if the ordered
structure involves bilayer formation. Upon the basf the small difference in
surface density between the bilayer and the moeolaphases, a
coverage-dependent phase transition from 2D gastriped bilayer structures
would exhibit extremely nonlinear growth.

Kafer and Witte have established that thick filmispentacene on Ag(111)

grow in a Stranski-Krastanov fashion, where 3Dndk nucleate on top of a
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uniform wetting layer [91]. We propose that thisttivey layer is, in fact, the
ordered bilayer described here and in referencg [Bflen, the wetting layer in
SK growth is the first layer, but a wetting filmrcalso comprise the first two
layers. The second layer must simply be thermodyeediy stable with respect to
the formation of 3D islands.

The thermodynamic stability of the second pentadayer is an interesting
issue. Aromatic molecules have been observed tptdulayer structures, as in
the case of benzene on Cu(111) [105] and Cu(11@§][{1n contrast, multilayer
pentacene films on Au(111) dewet the surface or205 time scale (at 300 K)
[107]. In our experiments on pentacene bilayers Ag{111l), no dewetting
occurred over the 48 h period of observation (& B Evidently, the pentacene
bilayer films on Ag(111) are more stable than nfajer pentacene films on
Au(111) [107]. The more thermally robust pentaceraolayer on gold leads to
weaker interactions with subsequent pentacenedayer

Finally, an intriguing comparison is made betweeentpcene bilayer
structures on Ag(111) and pentacene structuralsfibamations observed on
(//3x+/3)R30° Ag/Si(111) [108, 109]. On this largely inert Ag(8l1) surface,
several recent studies have reported STM tip-indlugteuctural changes in the
first layer of pentacene [108]. The tip-inducedisture appears strikingly similar
to the pentacene bilayer on Ag(111) [89]. No evademf similar tip-induced
structural changes for pentacene monolayers onlAgy{as observed. The extent

of the bilayer on Ag(111) is adjusted solely byatgbentacene deposition time
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(Figures 3.3 and 3.4). Repeated scanning over dhee pentacene monolayer
region on silver did not drive bilayer formationhd similarity in appearance
between the bilayer on Ag(111l) [89] and the tipdoeld structure on
(+//3x+/3)R30PAQ/Si(111) [109] indicates similar packing densitigith tilted top
layer molecules. Although bilayers (on Ag(111)) am@induced structures (on
(\/§><\/§)R30°Ag/8i(111)) involve similar top-layer arrangemerit®e underlying
surface-contacting layers may be more distinct wudifferent interactions with

the substrates.

3.2.5. Summary

In summary, we have deposited pentacene on Agéitla)0 K and observed
the resulting structure and morphology at this terafure and then at 50 K to
determine the conditions for ordering in the flester. On the basis of an absolute
coverage calibration, we show that the first pesnaclayer does not exhibit
long-range order at 300 K. To create order in itst pentacene layer on Ag(111),
we have cooled the surface from 300 to 50 K. Téslts in the condensation of
two different ordered pentacene structures (stractu and structure 2) with
flat-lying molecules arranged in oblique unit cetliat are typical for pentacene on
most single-crystal metal surfaces.

Room temperature order in pentacene films ememglgsimthe second layer.

The density of pentacene molecules at the bilayediase is the same (within
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experimental error) as the density of pentaceneecut#s in the monolayer
structure 2 observed at 50 K. Nonetheless, theletarrangement of first-layer
pentacene molecules in the bilayer structure igindis from the monolayer
structure 2 arrangement observed at 50 K. The tenhpe-coverage phase

diagram for pentacene/Ag(111) is summarized in redul0.
rﬁ r‘
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Figure 3.10 Phase diagram of pentacene on Ag(111)

Molecularly resolved images of the boundary betwienpentacene bilayer
and monolayer clearly show a discontinuous arramegenin the first layer
molecules at the boundary. Indeed, the irregulaangement of pentacene
boundary molecules suggests that substantial gisoetnains in the first layer of
the crystalline bilayer. This is significant becausuch disorder is likely to
degrade the efficiency of carrier injection at peeine/Ag electrodes.

Finally, we re-emphasize the significance of thesgeriments in the context

of comparison with pentacene adsorption adsorbeotloer Au and Cu surfaces.
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We have shown that the differences in adsorptidraer in the first layer are
merely related to the enhanced mobility of pentacen Ag(111) at 300 K as
compared to other noble metals. Greater mobilitglies a weaker chemisorption
interaction relative to Au and Cu surfaces. Whag thobility is suppressed by
cooling, ordering in the first layer occurs, remgt in structures that are
gualitatively similar to other known pentacene mager structures. The
formation of a complete and ordered second layetiisy from a disordered first
layer is unique to pentacene on Ag(111l). This stendirst proposed by
Eremtchenkoet al. [89], was discounted by Kafer and Witte [91]. Thegent

STM studies provide very direct evidence supportinig remarkable growth

mode.

3.3. Neat Zinc Phthalocyanine (ZnPc) and
Perfluorinated Zinc Phthalocyanine (FisZnPc) on

Ag(111)
3.3.1. Introduction

Metallophthalocyanine (MPc) molecules are molecs&niconductors with a
planar structure consisting of aromatic macrocyaléh a centrally coordinated
metal atom. These highly stable molecules absgtt efficiently and stable with

high symmetry, planarity and electronic delocal@a{110]. These properties are
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useful for technological applications, includingeafical sensors, optical devices,
solar cells and photosensitizers for medical treatm

One of the advantages of metal phthalocyaninéseis €lectronic properties
can be tuned by chemical substitution. Phthalocyemare typically hole transport
materials [110] (i.e. donors), but they can be maue electron transport
materials by simple chemical exchange of the hyeinatoms with fluorine atoms
[111]. Theoretical calculations and electrochemioa¢asurements show that
alkyl- or halide- substitution of terminal hydrogehanges the ionization energies
over a broad range, with the molecular HOMO-LUMOg4dargely unchanged
[112]. In Figure 3.11, the molecular structuregaifetical ionization energies, and
affinities for individual ZnPc and ij&ZnPc molecules are displayed [112].
Quantum chemical calculations reveal HOMO's and IM$1as single and

doubly-degenerate orbitals, respectively [113].
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Figure 3.11 Molecular structures of zinc phthalagga and perfluorinated zinc
phthalocyanine and ionization energies and elecaffimities from PM3-MO
calculation.

Most MPcs crystallize in a monoclinic lattice with characteristic
herringbone-type packing of the molecules. A lavgeety of polymorph forms
have been reported: the differences between them(iathe tilt angle of the
molecules within the columns and (ii) the mutualaagement of the columns
[114]. The two most common polymorph forms are: dhpolymorph [115] and
the B-polymorph [116], as shown in Figure 3.12. The degree of overlap of
adjacent molecules is different in these molecudalumns. The molecular
interactions have thus been thought to be largah&-polymorph, the stable
form, than in thea-polymorph, the metastable one. By thermal treatntee

a-phase can be transformed to fliehase [117]. The replacement of the central
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atom slightly modifies the electronic properties thie materials, while the

structure parameters for the polymorph are largatshanged [113, 118].

o-polymorph B-polymorph
a c

Figure 3.12 Superposition of successive phthalaogamolecules in a molecular
column along thd axis: (a)a-polymorph; (b) projection on (100) sa-polymorph;
(c) B-polymorph; (d) projection on (001) in tH&polymorph. The differences
betweena and B-polymorph are (i) the tilt angle of the moleculeghin the
columns and (ii) the mutual arrangement of the wwis.

Due to the pronounced anisotropy of the optical eledtro-optical properties
of bulk MPc, there is a large interest in growindeyed and highly oriented films
with a well defined and stable phase. The growtth morphology of MPc thin
films have been studied on a number of differebistates including alkali-halide
substrates [119, 120], ITO [121], oxidized Si [L2fplycrystalline gold [121],
HOPG, Mo$S [122], Au(111) [123-127], 5x20” Au(001) [128-130], and
Ag(111) [131-134]. The orientation of the molecules the substrate is
determined by the relative strengths of the mokecoblecule versus

molecule-substrate interactions [121].
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For alkali-halide substrates, it was found thatMfec-substrate interaction is
dominated by electrostatic forces between the MBtahion and the anion in the
substrate surface leading to planar adsorption geggmrhe packing density of
the MPc molecules within the first monolayer is maized by small rotations of
the molecules around an axis normal to the molequiane and the substrate
surface. In the case of metal substrate nthe interactions between the molecule
and metal substrate also result in a planar adsarfit15, 135]. For both cases,
the high packing density of MPc monolayers excebdsof any crystallographic
plane in the bulk structure. When these compressedolayers are used as a
support for the growth of multilayers, a signifitamount of stress builds up, and
above a critical thickness the ordered multilay@msome unstable with respect to
the formation of 3D islands [119, 120].

When the strength of the interaction between thestsate and the deposited
molecules is reduced, the growth mode is signiflgaaffected. On H-terminated
Si(001)-(2x1) surfaces, CuPc molecules adopt nearly upright¢ntation and
co-facially stack into columns due to negligibldsuate interaction [136].

CuPc and ZnPc (Figure 3.11) are the most commoeculds used in organic
solar cells and have very similar properties. Weosle to study ZnPc since the
close shell (tf) configuration of the central Zhion results in optical spectra that
is not complicated by additional bands. The goabisompare hole and electron

transport materials. The molecules have the saotpriat and are often assumed
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to provide similarly structural films. Here we s@mat peripheral atoms strongly

affect monolayer structures.

3.3.2. Experimental

ZnPc and ZnPc were deposited onto Ag(111) from two BN criesbat
660 K and 680 K. The typical rate was 0.25 ML/nAfter deposition the samples

were transferred under vacuum to the STM.

3.3.3. Resault and Discussion

3.3.3.1.ZnPc/Ag(111)

Two ZnPc monolayer structures, with distinct stoues and stabilities, are
readily observed. ZnPc deposition on a room tentperaAg(111l) substrate
results in the direct formation of an ordered Zrina with a density of 0.51
molecules/nrh As shown in Figure 3.13.a, this low-density mayer (LD-ZnPc)
has an oblique lattice with parameteas= 156+ 002nm, b= 125+ 002 nm
with an angl® =83+ 2°. The lattice vector is along the silver surface close
packed [110] direction. The submolecular resolution image (Feg3.13.a inset)
reveals the22° rotation of the molecular mirror plaf; (phenyl bisector) with

respect to the lattice vecta The point-on-line registry of this film with the
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substrate generally indicates a weak energeticactien between ZnPc and
Ag(111).

A more stable high density phase (HD-ZnPc) is ole@iupon annealing this
LD-ZnPc film to 400 K for 15 min, (Figure 3.13.bln the HD-ZnPc phase,
molecules pack with a density of 0.55 moleculé/nam increase of 7% from the
LD-ZnPc phase. The HD-ZnPc phase also possesdasrtggmmetry, displaying
(within experimental error), a square lattice witthe lattice vector
a= 135+ 003nm, b= 133+ 002nm, and an internal angle & =88+ 3°. The
angle between the vectoes and the mirrorM; is abouB5’. The molecular
packing arrangement is provided in Figure 3.13ikelthe LD-ZnPc phase, the
higher density phase displays a point-on-line tegfion, with thea lattice vector

aligned along the substrat[éio] direction.

------

LTl | o

Figure 3.13 (a-b) STM images of ZnPc monolayercstmes. Insets show higher
resolution images and unit cells for each struct(a® Metastable low-density
phase, produced by deposition on room temperatulestate; (b) Stable
high-density phase, produced by vacuum deposithohaanealing to 400K. Both
monolayers have point-on-line registration to statst (c) Structural model

Both ZnPc monolayers, the metastable LD-ZnPc phasé the stable
HD-ZnPc phase, are similar to those observed fd?cCan Ag(111) [134]. In the

structural transformation from the LD- to HD- phadee molecular axesl; and
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M, are rotated with respect to the lattice vectmrandb; increasing the van der
Waals contact with neighboring molecules, accogntor the greater stability of

the HD phase.

3.3.3.2.F1sZnPc/Ag(111)

At FigZnPc coverages <0.6 ML, no ordered monolayer sirast are
observed. Increasing the coverage ¥®.6 ML results in ZnPc island
formation with the ordered molecular arrangemenirshin Figure 3.14.a. Higher
magnification images (Figure 3.14.b) reveal molesubre organized in two
alternating double molecular rows, labeled as “Aidd'B”, along the [ﬁ 0]
direction as indicated by the arrow. Within A (aBfi molecules adopt the same
in-plane orientation. The unit cell for this films icorrespondingly large
(a=150+ 002nm, b= 655+ 003nm, ¢#=81+3"), as highlighted on the image.
Molecular models of the A and B double row struetuare provided in Figure
3.14.c. Rows A and B display comparable molecukskmg densities of 0.41
molecules/nrh Both rows show a 1.50 nmd&nPc molecular spacing along the
substrate 110] direct. Row A has a nearly rectangular molecalaangement,
with an internal angle o =84+ 3°, giving an kgZnPc next-nearest neighbor
distance of 1.63 0.2 nm. The molecular symmetry ai4 is rotated 33° from
lattice vectora. Row B has a more obligue molecular arrangemeitt) an

internal angle of 65+3°and an ZnPc next-nearest neighbor distance of
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175+ 02nm. Consequently, rows A and B have comparable Zp&king
densities. Similarly ordered double-row moleculaaagements are observed for
F16CuPc/Ag(111) [137], ECuPc/Cu(111) [138], and vanadyl phthalocyanine
(VOPCc) on cobalt (lI) phthalocyanine (CoPc) moneldfu(111) [139] and are
attributed to electrostatic repulsion between neogimg molecules. Alternating

rotation of the molecules between rows minimizestebstatic repulsion [138].

Figure 3.14 (a-b) STM images ofgZnPc monolayer. Film consists of alternating
double row structures, labeled A and B. Unit cédirde parallelogram) has

parametersa= 150+ 002 nm, b= 655+ 003nm, §=81+3"; (c) Molecular

packing in the two double row structures A and BowR A: Rectangular
arrangement with 1.50 nm and 1.68 nm nearest- and-nearest-neighbor
molecular spacings; Rows B: Oblique arrangemenih wi60 nm and 1.72 nm
nearest and next-nearest neighbor molecular spa@ngd an internal angle of

65°.

3.3.4. Summary

Single component ZnPc and;gEnPc films follow structural trends
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established for MPc film growth on a variety of strates including HOPG [140],
MoS,[122], Au(111) [123, 125], 5x 20" Au(001) [128, 129], and Ag(111) [134,
137]. On these surfaces, MPc molecules also reéatilg ordered structures that
are incommensurate with the substrate. The monamlalearrangement in these
incommensurate phases is largely dictated by thieaule-molecule interaction.
For ReZnPc, alternatively arranged double-molecular-rofesm along the

[]iO]direction of Ag(111). Within the same double-moliecuow, all FeZnPc

molecules possess the same in-plane orientatianidlecules in the neighboring
double-molecular-rows, however, adopt differenplane orientation. This can be
understood in terms of minimization of the repudsiwtermolecular electrostatic

force between molecules.
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4. Chapter 4 Binary system: Pentacene:
Coeo

As described in Chapter 3, pentacene has rich pbelsavior on Ag(111)
allowing us to “engineer” film structure via growttonditions. Three distinct
binary molecular films will be discussed in thisapker: (1) pentacene standing up
on Gso monolayer; published in Applied Physics Letters BD Dougherty, W. Jin,
W. G .Cullen, J. E. Reutt-Robey, and S. W. Rol#gtyjped Domains at the
Pentacene:gp interface Applied Physics Letter, 20094: p.023103); (2)
linear chains on the pentacene crystalline bilagahlished in Physics Review B
(D. B. Dougherty, W. Jin, W. G. Cullen, G. Duttah,E. Reutt-Robey, and S. W.
Robey,Local Transport Gap in g Nanochains on a Pentacene Templ&teysics
Review B, 2008&7: p.073414); (3) G-pentacene co-crystalline network by
depositing Go on pentacene 2-D gas, published in Langmuir (W, D. B.
Dougherty, W. G. Cullen, S. W. Robey, and J. E. tRRobey, Cso-Pentacene

Network Formation by 2-D Co-Crystallizatipbangmuir, 20025(17): p.9857)

4.1.Pentacene Standing Up on Cgo Monolayer

4.1.1. Introduction

A major motivation for the development of electwrdevices based on
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organic materials is their mechanical flexibilifyhis property is valuable for the
design of durable devices, sometimes in unique dtsrauch as “electronic paper”
[141]. Mechanical flexibility arises microscopicafrom interactions between the
constituent molecules that are significantly weakkan covalent or ionic

interactions in most inorganic materials [142]. 3&eweak intermolecular
interactions suggest that reconstructions of sedgaand interfaces of organic
materials may be very common and potentially draandtarge numbers of

relatively low energy degrees of freedom can leadcamplicated molecular
structural motifs at interfaces with attendant cboapions to the interfacial

electronic level arrangement.

An example of complicated interfacial interactiaesfound in recent x-ray
diffraction measurements that indicate the restmirg of several layers of
perfluorinated copper phthalocyanine induced bynfiiton of an interface with
di-indenoperylene [143]. Such heterojunctions betweifferent organic materials
are increasingly technologically relevant in opsationic devices [54]. In these
devices, the ability of an exciton to generate atgéoltage upon dissociation is
related to the efficiency with which it can reachiaterface and the efficiency of
charge separation at the interface. Optimizingriate morphology for these
processes is a necessary step in optimizing dgadermance. The objective of
the work to be described in this section is tonlinate the initial stages of growth
of pentacene:§ junctions, as recently employed in organic pholiavo cells

[25-28]. | demonstrate a case where weak intenastfacilitate the development
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of extended defect structures in the nanoscale fifmrphology driven by

interfacial stress at a junction between two défgrorganic semiconductors.

4.1.2. Experimental

A uniform single layer of gz was grown on the Ag(111) surface by depositing
a multilayer film of G from an effusion cell (Createc LTC-40) and thenealing
at ~ 500 K. The result was a perfect and complé{@@ 2«/§)R300 overlayer of
Cso [66]. Pentacene was deposited onto thg @onolayer (held at room
temperature) from a separate effusion cell (Cre&te€-40). To minimize damage
to the pentacene films and preserve their struictimtagrity, local electronic
properties were measured using constant-curremandis-voltage spectroscopy

2(V)[43, 144].

4.1.3. Result

The STM image in Figure 4.1.a shows a large scader wf a pentacene
island on 1 ML GyAg(111). The large "butterfly" shape island is itg) for
pentacene on the ¢ monolayer, reflecting pentacene's appreciableusldh
length on the g sublayer. Images additionally show a pronouncehdular
pattern, arising from edge dislocations in the ulydey Ag(111) support film. In

the following, | will show that these dislocatiods not significantly affect the
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organization of the pentacene layer.

The apparent height of the pentacene islands albfwwesurrounding £
monolayer was measured as 1.2+0.2 nm based onesagavof 19 different line
profiles measured across different island edgedifterent days (e.g. Figure 4.1.b
and 4.1.c). The variations in apparent height oaula result of common (but
unknown) variations in tip work function that inflace the local tunneling barrier.
Despite this minor effect, the correspondence betwibe physical length of the
pentacene molecule and the observed magnitude apgarent height is a strong
indication of a “standing up” layer of pentacene@g[145, 146], consistent with
a relatively weak, non-specific interaction betwete two different organic
molecules. This height is slightly smaller thantttygically reported for upright
oriented pentacene films, possibly suggesting aneased tilt of the long axis
away from the surface normal. However, electrdamtors can also influence
apparent height variations in STM due to molecuksonances and tip work

function.
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Figure 4.1 (a) STM image showing a pentacene islandtop of 1 ML
Cso/Ag(111). (b) Distance-voltage characteristic (ager of 13 sweeps measured
at different locations) for a pentacene island. HO#dkerived structure is marked
by the arrow. (c) STM image showing the edge oéat@acene island on 1 MLs&
(d) Line profile across the point on the islandedglicated by the blue line in (c)

Additional support for a nearly upright moleculareatation for pentacene is
found in the fractal shape observed for pentacslamds on & (Figure 4.1.a).
The island shape is similar to that observed fartgmene thin film growth on
SiO, [79] where pentacene grows by diffusion limitedggation and the
molecules orient standing up [147] in the well kmowhin-film phase. This
nucleation behavior and the resulting island shagqoeir on substrates that interact
relatively weakly with ther electrons in pentacene. Based on the large scale
similarities between Figure 4.1.a and pentaceramdskhapes observed for other
weakly interacting substrates, it can be inferrduatt the microscopic

penetacene-pentacene interactions within the ishaddarrangement of pentacene
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molecules are likely very similar the thin film stture on Si@

Further insight on the standing pentacene layprasided by STM images of
higher magnification. As shown in Figure 4.2.alie pentacene layer exhibits a
unique mesoscale surface pattern of striped donadioge the & sublayer. Here
extended bright regions are seen to meander osutifiéce, approximately parallel
to one another. They are separated by somewhat weédens with an apparent
height that is ~ 0.04-0.06 nm lower than the brigigions. The spacing between
bright domains is remarkably uniform and has beeasured to be 8+1 nm based
on an average of 100 different measurements ofsplaeings between parallel
bright domains on different surface regions. Sinyjathe width of the bright
domains is consistently measured as 3.6 + 0.6 numpriSingly, the striped
domains are not strongly affected by the morpholoigthe Ag(111) substrate, as
shown by the large scale STM image in Figure 4.Bbripes extend for
distances >500 nm crossing Ag monatomic steps aadgtlar dislocations
without interruption. The bright regions may bewesl as "defected” regions of
the pentacene monolayer, while the darker regiepsesent pentacene regions

with ideal ordering.
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Figure 4.2 (a) STM image of pentacene ofa €howing several parallel bright
stripes meandering on the surface. (b) Large s€8M image showing a parallel
array of bright domains extending over large distsnand over numerous
monatomic Ag surface steps

Regions with ideal pentacene ordering are examivitfuhigher resolution in
Figure 4.3.a. In this image, we superimpose mari@rshe Go sublayer (green
circles) and the pentacene standing phase (bles)lifPentacene positions are
taken as the standing-phasé parameters reported for pentacene$l@d8]. The
molecular scale contrast in the STM image reflabis mismatch in the 4
sublayer and the pentaceale plane. Tunneling conductance along the pentacene
axis is low [149] and dominated by the local peatecGy “contacts”,
introducing topographic variations even in the idqentacene-g regions. Bright
spots represent good contacts and therefore have/thmetry of the £ sublayer.

Such contrast is reminiscent of other standingriogyaonolayer phases [150].
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Figure 4.3 (a) STM image of pentacene qg $howing molecular scale features;
inset: overlay of a possible registry between stapgentacene molecules (blue
lines) and the g sublayer (green circles). Schematic model of #rtical defects
in the pentacene overlayer due to: (b) Changihgrgle. (c) Rigid shift

4.1.4. Discussion

It is instructive to compare the bright striped dons for pentacenefgfilms
to the localized “sliding defects” reported by Kaetgal. for pentacene adsorbed
on a benzenethiol self assembly monolayer (SAMpb[1#he apparent height in
STM in both cases is about 0.05 nm. The localizeteads for pentacene on
benzenethiol were attributed to vertical displacetmef pentacene molecules
compared to their immediate surroundings. This¢@uise from a change in the
angle that the molecular long axis makes with tirease normal (Figure 4.3.b) or

a rigid motion of a pentacene molecule (Figurecdd.Naively interpreting the
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apparent height difference between different dosas the result of such a
rotation implies a change in angle of al®utThis is consistent with angular
changes observed in preliminary semi-empirical gneminimization calculations

of the restructuring of §g-pentacene interfaces [151].

At the pentacene/benzenethiol interface, the glidiiefects are relatively
"point-like,” occupying small areas and nucleatamigrandom locations in the
pentacene film [145]. In the case of the pentadayer on GyAg(11l1), the
periodic domain structure indicates a spatiallyelated condensation of defects.
While both interfaces contain vertically displacpentacene, the displacement
propagates only ongg

Defect features at the pentaceng:i@terface may impact electrical transport
in the pentacene layer or charge separation at inberface. Theoretical
calculations have suggested that sliding defeatspémtacene on benzenethiol
would introduce shallow trap states broadened loyta®.1 eV compared to states
in the defect free regions [145]. Within the resioln of the tunneling spectra
(Figure 4.1.b), there are no significant differenae the electronic spectrum over
the ideal regions compared to the defective regadriee pentacene film. This is
consistent with distortions within the film thatogluce only minor (~0.1 eV)
modifications to the electronic structure.

The likely origin of the extended defect domains f@ntacene grown on
Ceo/Ag(111) is stress in the pentacene film due teerattions with the £

sublayer. Spontaneous formation of striped streswaiths has been predicted
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based on elasticity theory [152] and observed forumber of systems. These
include Pb—Cu(111) surface alloys [153] and thexpj20—Cu(110) added row
reconstruction [154]. The latter case shares thatufe in common with

pentacene/gp that stripes of the Cu—-O added rows extend owge laistances

independent of substrate morphology.

Even though the interaction ofwith the pentacene molecule is not strong
enough to force a flat-lying geometry, thg, @onolayer is expected to establish a
strong potential corrugation in the plane of thefame. This is especially
important on Ag(111) where there is charge tran$fem the metal to the
fullerene [155, 156]. Since the lattice mismatchrgen the G sublayer and the
pentacenab plane is large (~20%—-40%), the sublayer will ex@ntes that distort
the pentacene overlayer from the bulk-like geomdtihe formation of domains of
defects can act to relieve this substrate indutess The striped morphology
indicates an anisotropy in the surface stress ihagxpected based on the
anisotropy of the projected unit cell of tab plane of pentacene [148]. This will
lead to facile domain wall formation along one diren and/or anisotropic elastic
constants in the layer.

Quantification of the influence of interface strésdlifficult in this case due to
incomplete knowledge of the elastic properties ehtpcene films and the
microscopic structure of the defective regions. @&theless, we can use
continuum theory to assess a stress-induced oofjitne stripes. The distance

between stress domairsis given by [152],] = 2zaé”/***| where 8 is the

67



domain wall free energy per unit leng@y, is related to the elastic constants of the
material, and is a microscopic cutoff for the effective domaialkwvidth [157].

The formation of the striped domains for pentadégieat room temperature
relies on the weak interactions between pentaceolkecues that lead to the
existence of a relatively low energy structuraledgef(smalls). We assume that
the e”/°? is near unity to obtain an upper bound on the @siopic cutoff
length of about 0.5£0.1 nm. This is consistent wite interpretation that the
transition between domains occurs by relative waktsliding and/or changes in
angle with the surface normal since these can yeasitur over such short

distances.

4.1.5. Summary

In conclusion, we have used STM to observexdraordinarily long range
modulation of interface morphology for single lagentacene islands grown as a
standing phase on 1 MLgyAg(111). Striped domains arise to relieve strashe
pentacenélm due to interactions with the underlying{CThese defeciavolve
small vertical displacements from thgoGubstrate. The observatiotsscribed
here suggest that a facile route to exerting cormdver nanoscale interface

morphology is to carefully engineer stress redegterns at soft interfaces.

68



4.2.Cgo Chains on Pentacene Bilayer

4.2.1. Introduction

A promising approach to nanostructuring surfacet igabricate molecular
surface architectures that can template functi@mmhponents into prescribed
configurations. Beyond developing template materaadd fabrication methods, it
IS necessary to establish correlations betweenspzale structure and electronic
properties for both the template and the functiammhponents. Electronic band
alignment is an important consideration for mosecebnic devices and
controlling it through structural manipulations &he nanometer-scale is
technologically desirable.

Organic molecules are good candidates for carrymg templated
nanostructuring since they readily self-assemblé #oeir interactions can be
tuned by chemical functionalization. Exerting cohtof molecular size, shape,
and interactions is likely to translate into comsable control over the structure
and function of templated molecular assemblies. e&dv studies have
demonstrated the value of this approach on surfamesising primarily on
methods of template formation [158-163]. In thexct®on we aim to provide
local structural and spectroscopic information tteat be used to begin to develop
crucial structure/function correlations for molessuhanostructures at surfaces.

Recently, there have been several reports of tiradion of linear fullerene

nanostructures on surfaces [164-167]. Linear sirest could be valuable in
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device fabrication since they can fit into regiaeatively densely-packed with
other structures. This geometrical arrangementiffcult to achieve however,
since interactions betweengdnolecules tend to lead to hexagonal packing with
about 1 nm spacing between molecules [60]. The dbdon of linear fullerene
structures therefore usually requires the use taEngplate like a vicinal surface
[164, 165], i.e., surfaces which have small dewrai from the most symmetric
crystallographic planes.

In this section, we describe a linear templatirfgafwhen small quantities of

Cso are deposited onto an ordered bilayer of pentacerey(111).

4.2.2. Experimental

Pentacene was evaporated onto the Ag(11l1) surface &n effusion cell
(Createc SFC-40) and the formation of an order&d/éi was verified by STM.
Cso Was then evaporated onto the bilayer from a differeffusion cell (Createc

LTC-40). Spectroscopy was performed in constanteturdistance-voltage mode

(z(V).

4.2.3. Results and Discussion

4.2.3.1. Structure Properties

Figure 4.4.a shows an STM image of an isolatggin@lecule adsorbed on
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the ordered pentacene bilayer on Ag(111) [89, 1A8)we discussed in Chapter 3,
the pentacene bilayer displays long range ordeitdtdam oblique unit cell that is
highly anisotropic (highlighted in Figure 4.4.a)yigg rise to “pentacene rows”
spaced by 1.6 nm. The pentacene molecules in theseare oriented with their
long axes parallel to the plane of the substrat® their short axes tilted by
~28 ~34out of plane, as the structure model proposed iap€n 3. At low
coverage, subsequently depositegd @olecules always locate between adjacent
pentacene rows as shown in Figure 4.4.a. The adsemvof isolated molecules
on the pentacene bilayer shows that the mobilityGa§ on pentacene is
significantly smaller than its mobility on most ralst where isolated molecules

are not observed at room temperature due to ralgidd formation [60, 66].

Figure 4.4 (a) STM image of an isolated,@olecule (apparent height of
~0.5nm above the pentacene substrate) on penthdayer. The apparent lateral
dimension of the g3 molecule is exaggerated due to the convolutiothefreal
shape of the molecule with the shape of the STMthp unit cell of pentacene
bilayer is highlighted; (b) Large scale STM imagjasitrating the formation of
linear G structure (white arrow) on the pentacene bilayer.

As illustrated in the STM images in Figure 4.4H® pentacene row direction
is transmitted to extended linear fullerene strieguhat appear as the bright lines

running along the rows. The maximum length of ssithcture is expected to be

71



limited primarily by the width of the terrace on mah they form. The maximum
(defect-free) length that we have observed is aBOutm. These linear structures
are only formed on the surface at the very low-cage regime. When the
coverage of G exceeds ~0.05 molecules/hna disordered phase, meandering
chains, preferentially forms as shown in Figureatlh Similar structures are also

observed when & molecules are deposited on a zinc phthalocyanfm )

monolayer and on-sexithiophene [169]. The details will be discussedhapter

chains; (b) STM image showing thes®@eandering chains.

2nm

Figure 4.6 STM image showing a lineajGtructure with molecular resolution.

Figure 4.6 shows an STM image of a lineap Structure where individual

fullerene molecules can be resolved. Along therehanolecules are separated by

72



the typical 1.0 nm spacing that is determined by @, interaction [60]. Like the
isolated Go molecules, the chains are located in the troudivden two pentacene
rows. The highly specific inter-row location ofsgCon the pentacene bilayer is
driven by intermolecular interactions betweef &d pentacene that include both
electrostatic and dispersive contributions. Thstfironzero moment ofegls the
octapole moment, which is based upon electron idetigpentagonsvide infra
single C-C bonds) and electron-rich hexagonde( infradelocalized double C-C
bonds) [170, 171]. As a planar aromatic moleculentacene possesses an
appreciable quadrupole moment due to the electedicient carbon framework
sandwiched between the electron-richclouds. Consequently, the adsorption
configuration of Gy on pentacene will be driven by the minimization of
electrostatic repulsions between thg Bexagons and the aromatic electron cloud
of the underlying pentacene. In Figure 4.7, we slkosachematic model of the
local arrangement between g,@nd a pair of pentacene molecules representing

different bilayer rows.

Figure 4.7 Schematic model of the arrangement of & @wolecule on the
pentacene bilayer; (a) Side view; (b) Top viewgde view.
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4.2.3.2. Spectroscopy

Figure 4.8.a and 4.8.b provide tunneling spectimmgan z(V) mode for the
pentacene bilayer andggCnanochains respectively. In Figure 4.8.a the spect
display resonant features near20+ 0.2eV and 1.6+ 0.1eV that are associated
with tunneling through the pentacene HOMO and LUM®@spectively. These
values yield a peak to peak transport gap3d+ 0.3 eV. Figure 4.8.b shows
resonant features at 22+ 0.2eV and 23+ 0.1eV, yielding a transport gap of
45+ 0.3eV. Tunneling spectra obtained fogo@&hains with lengths ranging from
10 to 30 nm yielded no significant difference. éllains were lengthwise sampled
to within 3 nm (approximately threeg&Cmolecules) of the chain ends. Shorter
chains and chain ends were not sampled to presieevstability of the tunneling

junctions for spectroscopy.
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Figure 4.8 Tunneling spectra acquiredziy mode: (a) On pentacene bilayer with
HOMO and LUMO peak position indicated; HOMO tra@eserages 24 sweeps;
LUMO traces average 30 sweeps; (kp €hains with HOMO and LUMO peak
position indicated. HOMO traces averages 29 sweldgbjO traces average 33
sweeps. The initial condition is 23 pA 1.2 V fok falur traces

In a solid state molecular system, the transpgptigdahe difference between
the ionization potential (IP) and electron affin{§A) of the isolated molecule in
the gas phase reduced by a polarization en&gy which arises from the
response of charge densities in neighboring maodscth electron addition or
removal [142, 172]. This polarization response ifit@s injected electrons or
holes, resulting in a reduced gap between N+1rele@nd N-1 electron states in
the solid compared to its gas phase value (N eledtates) [172]. The amount of

stabilization depends on details of the local esvinent such as the polarizability
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and the number of near-neighbor molecules.

With this in mind, we can rationalize the spectopc measurements
presented in Figure 4.9 on the basis of the longlrenments of the pentacene
bilayer and the linear g structures. As a start, we consider the pentabeayger
for which the measured gap (Figure 4.8.a) is egdbnthe same as the 3.6 eV
transport gap measured for a thick pentacene fomsAu surfaces [173]. This
implies that the pentacene bilayer is thick enotagprovide significant electrical
decoupling of the templatedsgchain structures from the Ag(111) surfaces.

In contrast to the observation of a bulk-like traor$ gap for the pentacene
bilayer, the magnitude of the gap measured for Ghge chain structure more
closely resembles the gas phase value (IP-EA=4)9[EX4] than the value for
thick Cso films (A Eyranspor=3.7 €V) [174]. The g HOMO is shifted away from
the Femi level by ~0.2 eV and thgg@UMO is shifted away from the Fermi level
by ~0.6 eV when compared to the bulk fullerene talyld 74]. We attribute these
differences to the reduced coordination of the ks in the linear fullerene
structures, which reduce the total polarizatiopoese of the surroundings of the
chain when electrons are added or removed.

This interpretation can be semi-quantitatively ifisd by neglecting the
polarization response of the pentacene bilayer biciwthe Gy chains are grown
and by treating them as isolated objects. One ban track an approximately
linear increase in polarization energy versus tmler of Gy nearest neighbors

(NNs). The polarization energy increase from 0 8\N{, Eqanspor=4.9 €V) [174]
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in the gas phase to 0.4 eV to the linear chaincaira described here (2 NN,
Eranspor=4.5 €V) to ~1.2 eV for the surface of bullko@9 NN, Eyanspor=3.7 €V)
[174]. From a linear fit to polarization energy ses number of NNs [60]
(assuming an ~0.1 eV uncertainty in the polarizagoergies extracted from Ref.
[174]), as shown in Figure 4.9, it is estimatedttleach near-neighbor ¢&
molecule in a solid state system add3l13+ 002 eV/NN polarization

stabilization to the transport gap.

E
0134002 eV
N

Figure 4.9 Linear fit to polarization enerdiy, versus the number of nearest
neighbors

Simple electrostatic considerations allow an edena the expected total

z€a

R? '

polarization energy in & solids using the formuleE , = wherez is the

number of NN molecules; is the molecular polarizability (~0.085 Aii60]), and
Ris the NN spacing of ~ 1.0 nm. The value of 0.¥ANN [60] obtained from this
formula is in good agreement with the estimate fthmlinear fit discussed above.
The pentacene molecules underneath the chainaddlpolarization stabilization
to the Go contribution. We obtain acceptable agreement wvilie rough

electrostatic calculation, despite neglecting tlentribution, because the
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magnitude of the total polarization energy assediatith the pentacene film will
most likely be less than or comparable to the ewpsrtal uncertainty in our
determination of the transport gap.

These considerations also assume an equal polanizebntribution from
both the HOMO and the LUMO. This is not the caseunexperiments where the
LUMO is more significant altered (relative to bulks)) by the reduced
coordination than the HOMO. A more complete treatmeould need to
determine the polarization energy for electrons lavlés separately in addition to
considering the polarization response of the pem@adilayer on which 4 chains
are supported. However, given the agreement betteealectrostatic arguments
above the experimental polarization energies, dear that the major contributor
to the magnitude of the measured transport gapeisoiv coordination of the ¢

molecules in the chains.

4.2.4. Summary

In summary, we have described the formation ofalin@&, structures resulting
from the adsorption of & on an anisotropic pentacene bilayer template.ot |
coverages, 6 molecules occupy bridge-sites between parallesrofypentacene
molecules, forming chains with bulk-likeg&Cso Spacings. The transport gap
measured for the linearggchains is 45+ 0.3eV. This value is much higher than

the corresponding gap for bulksddue to the reduced coordination in the linear
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configuration that lowers the overall polarizatienergy. These measurements
provide direct evidence for the crucial role ofdbenvironment in determining

functional properties in nanometer-scale systems.

4.3. Cgo-Pentacene Network
4.3.1. Introduction

Intense research efforts are focused on molecukstivark structures
assembled on solid surfaces. This is driven bypibtential use as templates for
organic devices and for molecular recognition irs gad bioanalytical sensors
[159, 175-177]. Fabrication of these two-dimenaiof2D) network structures
can involve strategies analogous to those that Hmeen used to tune pore
properties and surface areas in bulk framework @amgs and produce capacities
for gas storage [178, 179]. For example, the dépasiof iron atoms and
terephthalic acid on Cu(100) generates a robustdweensional network [180]
that is analogous to the microporous iron-tereghteaframework compound
[181]. In principle, surfaces allow even greatentcol of assembly kinetics, with
the potential for supporting network formation witleaker interactions than are
typically employed in bulk framework chemistry. Hgden and halogen bonds of
modest strength have been extensively employedn&iwork formation at

surfaces [182-184].
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A more physical approach to surface network foramainvolves templated
assembly. In this surface-specific method, surfaes first patterned on the
nanoscale by either by physical (e.g. etching)h@ngical (molecular adsorption)
methods. This nanotemplate then directs subsequeldgcular adsorption. This
approach has proven suitable for the assembly wianks largely stabilized by
van de Waals interactions. For example, coroneBbB][&nd sexithiophene films
[186], bimolecular networks [187], and pentaceniayers [188] have served as
templates for nanoscale patterning @f. Gtructural order is preserved throughout
this templated assembly approach.

In this section, | show structure formation doesnequire ordered pentacene,
but is directly produced from g deposition onto the pentacene 2D gas phase at
room temperature. Coverage dependent studies gtalatl insight into the
mechanism of fullerene network formation. | deserithow anisotropic
Cso-pentacene interactions drive the spontaneous faymaof nanonetwork
structures. The kinetic route involves interactdr2D gases of pentacene ang) C
on the Ag(111) surface, resulting in a well-ordet@cholecular network. An
overabundance of pentacene is additionally requitbeén expelled during
co-crystallization, reaching the self-limiting d§ls:Pn network stoichiometry. The
co-crystalline structures rely upon weak anisoto@é,-pentacene interactions,

yet are surprisingly robust.
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4.3.2. Experimental

Pentacene deposition was performed in the preparathamber (base
pressure of 1xI®Torr) from an effusion cell fit with a BN crucible hesd ~390
K and positioned 5 cm from the Ag substrate. Thisgle was then transferred
under vacuum to the UHV analysis chamber, whegad€position was performed
from a separate source at 660 K. Deposition ratepdntacene andsgCwere 0.6
ML/min and 0.3 ML/min, respectively, as monitoredy la quartz crystal

microbalance and calibrated directly from moledylaesolved STM images.

4.3.3. Result
4.3.3.1. Cg Network Formation on Pentacene/Ag(111) Molecular Films

Deposition of Go on the 2D pentacene ga8 (.....= 8L) generates a
network structure, as shown by the STM images glife 4.10.a and b. In this
network, Go molecules (bright features) arrange in extendeginshthat are
spaced from each other by additional individug} @olecules. This structure is
commensurate, as evidenced by thde¥ rotational domains, reflecting the
3-fold symmetry of the Ag(111) substrate. Thg €hains run along the substrate
[JiO] direction and the gg nearest-neighbor distance of 1.81 0.1 nm is similar
to that of bulk G[60]. Other nanoscale dimensions of the networktlhaeel.92
+ 0.06 nm row-to-row spacing and the 2.550.06 nm gap between “spacer”

Cso molecules, as indicated in Figure 4.10.c.
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The pores in the network structure, delimited by @ hard spheres, are 1.4
nm x 1.0 nm in size, comparable to the expected fodtpoin a flat-lying
pentacene molecule. Because the network is forme@spdeposition onto a 2D
pentacene gas, we conclude that pentacene molamdapy network pores. This
leads to the formation of the ordered network ef @olecules, rather than the

closed packed hexagonal structure that forms om Ag111).

Figure 4.10 STM images of surface structures pegpay deposition of 0.4 ML
Cso Onto a 0.8 ML pentacene (2D gas) film at 300 K:Eatended domains of the
network structure coexist with smaller regions bBf @entacene gas (b) Structural
uniformity and (c) Characteristic length scalesh&f network and pore features.

Occupation of the pores by pentacene moleculesnirmed by the result of
depositing additional § molecules onto the network structure. As shown in
Figure 4.11, post-depositeds@Omolecules appear very bright and occupy pore
sites. These pore-occupyinge@re raised well above the network,@olecular

plane by the pentacene molecules sandwiched ingtveork pores.
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PO
Figure 4.11 STM image of g post-adsorbed on the pentaceng-Getwork.
Magnified inset with network grid overlay confirn@%, decoration of network
pore sites.

We have investigated the bonding @b @olecules in the network structure to
the Ag(111) substrate using local image state spemipy. Image states arise
from the polarization induced by a charge aboveetalic surface plane [189].

The Coulomb interaction between the polarizatioth @@ charge takes the form:

e2

V() =———— Eq.(4.1
@160z 0.(4.1)

wherez is the distance between the charge and the neesaitface. This potential
yields a series of hydrogenic ground states comvgrgn the vacuum level just
outside of the surface. As a result, the energatgition of image states above
molecular films is sensitive to the composition astcucture of the molecular
adlayers due to the interplay between dielectrieesung ¢,) and the electron
affinity of the adsorbed film [190-192]. Tunnelisgectroscopy measurements of
image states on thesgnetwork structure and those for a reference clpsated
Cso monolayer on Ag(111) are compared in Figure 4Stfong features at 4.4 eV

in the dz/dVspectra arise from image potential-derived steésicture at lower
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energy is due to higher unoccupied molecular debitan Go (~ 2.9 eV) and
“superatom” molecular orbitals at about 3.5 eV [1934]. Image state position in
these two gy-containing films are indistinguishable, indicatitigit Go is bonded
directly to the silver surface in the co-crystadliz network, as it is for the

close-packed § monolayer.
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Figure 4.12 Comparison dfz/dVlocal tunneling spectra forggnetwork structure
(green) and references¢xlose-packed island (red) on Ag(111). Energy ahignt
of 4.4 eV image state feature confirms diregt-£g(111) contact in network
structure. Spectra acquired with initial tunnelgumdition of -0.87 V and 30 pA.

In contrast, G subsequently deposited on this nanonetwork (Figuté) is
elevated above the silver surface, which should teaimage-state shifts on the
order of 0.2 eV [195]. Unfortunately, this multilty tunnel junction is not
sufficiently stable for scanning tunneling speatg®sy measurements at room
temperature. We were also not able to image pemtac®wlecules in the network
pores due to the finite size of the STM tip. Whawsiponed directly above

pentacene molecules, the tip “side tunnels" throGghmolecules that protrude
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well above the pentacene molecular plane, as depict Figure 4.13.b and c.
Consequently, the set-point current is attainedhout directly sensing the
pentacene.

Based on these results we propose the model dexplayFigure 4.13 for the
network structure. The main evidence from STM aii® ®xperiments that this
model explains are: (2 V) characteristics show thaggnolecules sit directly on
silver substrate, (2) The footprint of flat-lyingmtacene molecules (van de Waals

dimension of16.6,2o< 7.4,2\) is well matched to the pore dimension, especiélly

Cso curvature is taken into account, and finally, $&uating pentacene molecules
in the pores requires the long pentacene axes iemtoalong the Ag [Ji 0]
direction, the preferred pentacene alignment in ofeyer pentacene structures
[168]. This structural model also applies to thg-@nomesh structure [92],
which was prepared by thermal annealing, but misbd #llow the Kkinetic

mechanism, described below.

Figure 4.13 Proposed structural models for netvabincture showing alternating
rows of Go and Go connected by pentacene (a) Top view, (b), (c) Siew
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4.3.3.2. Pentacene precoverage dependence of co-crystallization

According to our structural model, theg&pentacene network structure has a
well-defined stoichiometry of 4 & 1 pentacene. We thus explored network
formation as a function of the pentacene 2D gasvamying the pentacene
pre-coverage at room temperature in the 0-1 ML eafidne development of the
network structure was found to depend on the penwa@D gas density and
examination of this dependence provides formati@thanism about network
formation.

When the initial pentacene coverage is below 0.4 8dibsequently-deposited
Cso molecules spontaneously aggregate into close-packlands that phase
separate from the pentacene gas, as shown in Hdglde The 2D pentacene gas
is thereby compressed into the reduced surface ldeeaetwork formation occurs
for € enacene< 04ML. Although mobile pentacene molecules in thisgds phase
cannot be imaged directly, the diffusing pentaceréecules affect the contours
of the Go island boundary. & island shapes on bare Ag(111) without
co-adsorbed pentacene phase exhibit a charaaehstkagonal shape with
molecularly-straight island edges. In the presenteghe pentacene 2D gas,
attractive Go-pentacene interactions lower thgyQ@omain boundary energy,

resulting in a more diffuse and mobilgsentacene interface.
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Figure 4.14 STM image of (a) Asgisland surrounded by the pentacene 2D
gas phase. (b) Magnified STM image of thg iSland showing & forming close
pack structure. The & island is very rough by comparison to the compact
hexagonal & islands that form on clean Ag(111). This increaiséehd boundary
length reflects a decrease in the boundary eneugytal attractive gz-pentacene
gas interactions. This phase separated structaseprepared by the deposition
of Ce0 (0.6 ML) on the 2D pentacene gas (0.4)ML

The onset of network formation is observed at atgueme coverage of 0.4
ML. At this pentacene-coverage threshold, howether network structure appears
on only a small fraction of the surface. This igngicant because, based upon
pentacene: £ stoichiometry alone, 0.3 ML of pentacene wouldsbéicient to
generate a complete network structure. As pentaceverage (density) increases
from 0.4 ML to 0.8 ML the spatial extent of the wetk structure increases,

covering up to 90% of the surface with a networlicture (Figure 4.10.a).

A pentacene “local” gas density of 1.0 ML was nadnerated by
depositing 1.2 ML pentacene on Ag(111). At this MP coverage, islands of
crystalline pentacene bilayer nucleate on the sarfil68]. This generates a
surface in which 20% of the area is covered bytalyise pentacene bilayers and
80% of the surface area is covered with a denseetidacene monolayer gas, as

shown in Figure 4.15.a. Deposition ofp@nto this two phases 1.2 ML pentacene
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film generates the striking surface patterns ouFeg4.15.b. Of particular interest
is the region originally occupied by the pentacbegas, where deposition o€
produces two distinct structures: the above namamét (structure 1) and a new
network structure (structure 2), in which denseg@# “star cells” are separated
by conforming Go chains. A third structure (structure 3) forms ire tbilayer
regions and consists ofggchains templated by the crystalline pentaceneydiila

[188], as previously discussed.

Pn Bilayer

Figure 4.15 STM images of structural patterns gameer directly by &
deposition on dense 2D pentacene gas at room tatnper(a) 1.2 ML pentacene
film structure prior to G deposition; (b) Multi-phase structure followingtML
Cso deposition. Two networks (labeled 1, 2) form b Bentacene gas region,
while G chains assemble on the pentacene bilayer. Insstvdyk structure 2
magnified. (c) Multi-phase structure following OML Cgp deposition. Small
pentacene 2D gas island is bounded by network tateicl and pentacene
bilayer-supported § chains; (d) Line profiles of pentacene 2D gasebloefore
Cso deposition (low pentacene density), green- aftep Geposition (high
pentacene density)

A high resolution image of the new star-cell netivstructure 2) is provided
in the Figure 4.15.b inset. The pores in the stds @are comparable to the pores in

the network structure, indicating similar occupatlyy flat-lying pentacene along

the Ag [ﬁO] direction. The lack of g connectivity in the star-cell structure
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indicates a higher local pentacene density. Inatieence of pentacene molecules,
Cso Would readily form close-packedsgCaggregates. The loosgg@arrangement
of structure 2 indicates that pentacene molecutesrapped between thedStar
cells and the conforming chains, preventingy @ggregation. The gaps (dark
region) between the conforming chains and stas,célb8 +0.09 nm, are more
narrow than the network pores, indicating thentijtof pentacene molecules that
occupy these regions.

The relative pentacene density in these two strestprovides additional
insight on their formation mechanism. The star-palttern is only observed for
very dense 2D pentacene gases. We note that opetfiiacene 2D gas film,
network islands nucleate first along the pentaceoa&olayer-bilayer boundary.
Network island formation at this ~1 ML pentaceneverage expels excess
pentacene molecules into the surrounding penta2bngas, increasing the local
pentacene gas density. This higher density pentaemeeded to generate the
star-cell pattern. While growth conditions can lguated to produce almost a
complete network monolayer (structure 1), structl@rels observed only in
coexistence with either structure 1 or the bilagéands, as Figure 4.15.b, where

the requisite pentacene 2-D gas densities candlieed.
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4.3.4. Discussion

In our experiment, a network structure reproducibbrms from the
“chemically simple” case of §pentacene. To understand this remarkable
structure and its formation mechanism, we first suamze its characteristics and
conditions for formation. The network:

1. Requires a pentacene pre-coverage of at least D;4 M

2. Forms as the solegg>pentacene co-crystalline phase fap @eposition on
surfaces covered with 0.4 - 1 ML pentacene. BQfc... > 1 ML, a
star-cell structure and bilayer templateg €hains also appear;

3. Exhibits a self-limiting stoichiometry of 4¢¢ 1 pentacene;

4. Aligns pentacene-filled pores along théiq)] direction of the Ag(111)
substrate;

5. Expels excess pentacene to the surrounding pemta2&n gas phase,
increasing the local 2D gas density.

The self-limiting stoichiometry is quite remarkalded implies that excess
pentacene molecules are easily displaced by thmmimg G, molecules. Such a
molecular displacement is generally observed if ddsorption energy of the
displacing molecule exceeds that of the displacenlecnle [196]. Indeed,
temperature programmed desorption (TPD) studiegatethat the desorption
temperature for g on Ag(111) is about 770K, corresponding to an gugm
energy of 2 eV/molecule [65, 66]. For pentaceneprasiderably lower desorption

maximum of 524K indicates a much smaller adsorptiemergy of 1.3

90



eV/molecule [91]. This difference in adsorption &eis consistent with the
observed pentacene displacement.

The formation of the network structure is illustditschematically in Figure
4.16. When & first arrives on the surface, isolategh @olecules adsorb directly
on the substrate displacing pentacene as needetharaby increasing the local
pentacene density (Figure 4.16.a). As Coverage increases, the substantial
Cs0-Cso Van de Waals attraction [197] (~ 1 eV) drives thestering of G on the
surface (Figure 4.16.b). However, furtheg, @oalescence is inhibited by the
pentacene 2-D gas environment. Attractiug-i@&ntacene interactions arresjyC
islanding, driving the assembly of lower density, @rrays (Figure 4.16.c). A

critical pentacene density of 0.4 ML is neededuol@ate the network structure.

Figure 4.16 Schematic illustration of network fotmma mechanism upon
deposition on 2D pentacene gas

The network structure is a very stable arrangenagntoom temperature.

Although we have not directly observed the criticatlei for network formation,
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network stability is easily rationalized. Pentacemalecules are aligned along the
same DiO] direction as in neat pentacene monolayer filn® [B68], indicating
an energetically preferred flat-lying pentacene ngety. In their respective
orientations on the surface, the electrostatic ramtéons between the &
(octapole) and pentacene (quadrupole) are atteachiv depicted in Figure 4.17.
The network structure thus takes advantage ofrelgetic stabilization. We note
that the electron-rich hexagons of thgy,@nay be further enhanced by the
formation of a Ag(111)-6p interface dipole [155, 156, 198], as suggestethén

theoretical computations.
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Figure 4.17 Schematic model of the locab-@entacene arrangement in network
structure emphasizes favorable pentacene quadrug@goctapole interactions:
(a) side view, (b) top view

The displaced pentacene molecules can not be imdgedtly at room
temperature with STM. Based upon energy requirespeligplaced pentacene will
not completely desorb from the surface, but wilinsfer to the surrounding
surface phases. Initial pentacene coverage of (L8 fivk example, ultimately
produces a network structure that spans 80% aofulface area, but contains only

0.25 ML of the pentacene. The displaced 0.55 MLtgesme are transferred to
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network-free surface regions. The higher pentackmsity is manifested by the
“star cell” patterns that emerge along the netw&itkgas boundary and by the
increased tunneling noise in the 2D gas regionsorparison of line profiles for

the 2D gas phase before and aftey @eposition (Figure 4.16.d) shows a

pronounced increase in tunneling noise due tortbease in pentacene density

4.3.5. Summary

We have described the spontaneous formation gfpéntacene network
structures resulting from the co-crystallization @, molecules and pentacene
molecules in a mobile 2D gas phase. This structurealized from a wide range
of initial pentacene coverages and exhibits a Isalf- stoichiometry of (Gg)4
pentacene. A molecular model for the network stmgcts proposed consisting of
an open network of & chains with flat-lying pentacene molecules trappethe
network pores. The stability of thes&pentacene network phase is accounted for
by the adsorption energies of each molecular componand attractive
electrostatic interactions betweengy,Cand pentacene in their preferred
chemisorption geometries. Network formation recgige minimum pentacene
coverage in order to buffer strongo&so interactions and preventggisland
formation. The stoichiometry of the network struetis self limiting over a wide
range of pentacene coverage (0.4 MLL.0 ML). At even higher pentacene

densities, an additional co-crystalline pattermar(sell arrangement) is observed.

93



It is remarkable that such long range and robystasuolecular arrangements can
be realized by relatively weak electrostatic intdcns between these large
aromatic molecules. The known anisotropy of eletatic interactions for rigid
aromatic molecules, and molecular semiconductorgarticular, provides a
significant tool for assembling molecular networkkustures. Here we have
described a mechanism by which surface dynamicatgases combined with

weak anisotropic interactions drive precise molacaksembly.
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5. Chapter 5 Binary system: Zinc

Phthalocyanine: Cegg

As discussed in chapter 3, monolayers of zinc gdbttlyanine (ZnPc) on
Ag(111) exhibit two different temperature-dependstitictures: a high density
(HD) phase and a low density (LD) phase. They ang nsed to fabricate binary
films with distinct chemical morphologies, in sianlmanner to pentacengyC
Three binary structures will be discussed in thiapter: (1) ZnPc—on+g bilayer;
(2) Gso-on-HD ZnPc bilayer; (3) 6s-ZnPc co-crystalline monolayer. Collectively,
these experiments show how knowledge of monolayectsires and strict control
of sample processing allow for tailoring of the wheal morphology of binary
films. In section 5.2, the molecular dynamics siatioin is done by Mr.Qiang Liu,

from Professor John Weeks group.

5.1. ZnPc Highly Tilting on Cgy M onolayer

5.1.1. Introduction

The morphology of organic molecular-molecular (Oi@grfaces is known to
correlate strongly with the electronic structure éimerefore with carrier dynamics
at the interfaces [199, 200]. Even small change8lrim morphology can affect

charge separation at the O/O interfaces, hole &mtren mobility, and hence
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overall device performance. Much effort has beeanspo understand and control
the molecular orientation of organic films on inangc substrates [148, 201, 202].
In general, the molecular orientation of the molesuss determined by the relative
strengths of the molecule-molecule versus molesulsstrate interactions [121].
For example, when the latter force dominates, plamalecules like metal

phthalocyanine lie with their molecular plane plalab the metallic surfaces [115,
135]. However, on polycrystalline and amorphousssabes, molecules often
“stand” on their side with a stacking direction gogl to the substrate [121] since
in this configuration the dominant intermoleculattraction is maximized.

Molecular orientation at the interface of organetdrojunctions, however, is less
extensively investigated. Several controlled stradt studies have been carried
out to study the evolution of film morphology, molgar orientation, and ordering
during the growth of organic thin films on anotleganic thin film [203-205],

however, almost all such reports refer only to khidms investigated by x-ray

diffraction. There is a dearth information on fundmtal aspects of interface
formation in organic heterojunctions. It should beted that the electric and
optical properties of organic thin films depend thie molecular orientation in

small domains at micrometer or nanometer scales6][20Therefore,

characterization of morphology and electronic strreeat organic heterojunctions
with nanometer resolution is highly desirable. Ascdssed in chapter 4, in the
pentacene-on+#4 monolayer, we observed an extraordinarily long gean

modulation of interface morphology due to stresduged on the “standing”
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pentacene films by the ¢& sublayer [207]. In this section, we extend such
measurements to systems of immediate relevancegemic photovoltaics: zinc
phthalocyanine (ZnPc) ands€C The effects of inorganic substrate temperature on
the molecular orientation during the film growth mithalocynine molecules are
well documented [208-212]. For example, copper alottyanine (CuPc)
adsorbed on a HOPG, lies flat at room temperatue Becomes tilted and
condensed at temperature below 130 K [213]. Theohpf substrate temperature
effects on heterostructure interfaces is now exlor

For the ZnPc-g heterojunction, additional studies ofsEnPc-Gyo
heterojunctions demonstrate the influence of chahmwdification on interfacial

architecture.

5.1.2. Experiment

Binary organic-organic interfaces were preparedh wie following sequential
deposition protocols: a uniform single layer g @as first grown on the Ag(111)
by depositing a multilayer film of & from an effusion cell (Createc LTC-40) and
then annealing to ~500 K. The result was a unifo@yi3x 2/3)R30° overlayer of
Ce0[66]. ZnPc or ksZnPc were then deposited onto the room-temperatyse
monolayer from a separated effusion cell at 660rk680 K, respectively. The

typical deposition rate is 0.25 ML/min.

97



5.1.3. Reaults
5.1.3.1. ZnPc on C4 monolayer.
Room-temper ature-grown phase:

Figure 5.1.a shows a large-scale STM image of acZmBnolayer island
deposited on one monolayegs&g(111). At 0.3 ML ZnPc coverage, the islands
are up to 500 nm long with aspect ratios (lengthwidth) of 5 to 10. Two
orthogonal branches are commonly observed. Thebtemach directions are along
the []iO] and [11é] of Cso monolayer, henceforth, referred to asdhphase and
the B-phase, as marked in Figure 5.1.b. ZnPc-elongatadds extend across the
steps of the underlyinge@Ag(111) substrate without interruption. The Znipeef
regions show2+/3 x 24/3R30°-Cs/Ag(111), which provides directional references.
The apparent height of the ZnPc islands aboveuheuwnding Gy was measured
as 11+ 02 nm (Figure 5.1.b inset) for both phases basedmavarage of 15
different line profiles across different island edgon different days. In general,
the height data in STM measurement is not simpllected in the topography
because the measured height is influenced by Ihetlstate density (surface and
tip) and the apparent tunneling barrier height.réde comparison of the 1.1 nm
film height with the physical dimension of ZnPc4hm x 1.4 nm), does suggest
a 55° titled ZnPc layer, as expected for this weak Z@Rginteraction Based
upon angular-resolved near edge x-ray absorptioe ftructure (NEXAFS)

measurements [214] reported for CuRg/layer by Huanget.al, CuPc adopts a
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highly tilted configuration with an average angke~@(° relative to the surface
plane, which is consistent with our present obderma. The detailedr and 3

phases structures are described below:

Snm
L

Figure 5.1 (a) Large scale of STM image showingh®&island on top of 1 ML
Cso/Ag(111); (b) STM image showing domain boundarytioé ZnPc islands:

a-phase along[]i OJof Csp monolayerp-phase along[ll_ 2]Inset: Line profile

across the point on the island edge for two phasdisated by the dark blue
(B-phase) and bright blue«{phase).

Figure 5.2.a shows the-phase domain contains three distinct striations
running along the substratEi @irection. The stripes are marked as A (bright),
B (dim) and C (dark), as shown in Figure 5.2.a. Bhght stripes (A) are always
nested between two dim stripes (B). The appareighhef the A-striation is
~0.08-0.10 nm higher than that of B-striations,dgagpon 32 measurements. The
magnified STM image in Figure 5.2.b shows the maecpacking within each
striation. Both A and B striations display topodrapvariations with a periodicity

of 0.93 nm, and 0.46 nm, respectively. In contrdm,C striation appears smooth
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and featureless and is thus attributed to missimg As we can see from Figure
5.2.a, these missing rows (C-striations) are ndfotmly distributed and thus do
not reflect a Moiré Pattern alonglé] direction.

The number of near-neighbor A-striations descritbeswidth of defect-free
domains that are between two C-striations, as mdaike Figure 5.2.a. The
statistical distribution of defect-free islands,sed upon 16 different island
samples, is shown in Figure 5.2.c. The nearestibelg distance between
A-striations is about 2.45 nm. Considering the roolar dimension of ZnPc (1.4
nm x1.4 nm), this distance significantly exceeds alsimgolecule width, but is
less than that of two adjacent flat-lying molecul&@s accommodate two ZnPc
molecules into this 2.45 nm width, ZnPc molecules @esumed to arrange in a
zigzag style along the[llé] substrate direction, similar to ZnPc in the bulk
crystal [215]. The height difference between thestAation and B-striation
reflects actual topographic differences. A struagitumodel that mimics the-ZnPc
polymorph is shown in the Figure 5.2.d. The unittees of thea-phase of ZnPc
islands ara= 245+ 004 nm, b= 093+ 005 nm,#=92+3°, as highlighted in
the model. The internal periodicity in both A-stige and B-striation is explained
by the model. Two protrusions in B-striations reyer® the two phenyl rings of
neighboring ZnPc molecules (brown circle); the éaggotrusion in A-striations
corresponds to the unresolved juxtaposition of emggacting ZnPc molecules

(orange circle).
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Figure 5.2 (a-b) STM images showing (a) thphase ZnPc on g monolayer,
containing three ZnPc stripes of varying intensity (bright), B (medium) and
C(dim.) with variable spacing (b) molecular scaattires; (c) Histogram of the
number of near-neighbor A-striations between ang t+striations; Proposed
model: (d) Top view; (e) Side view.

Like the a-phase, th@-phase contains molecular rows (now alo[1gé] ),

under magnificent STM (Figure 5.3.a), the striasicare comprised of zigzag
features with a strict 1.69 nm periodicity. Contraariation, are small (0.01
nm~0.03 nm), but display much richer shape vanmati@n thex-phase. Typically,
such detailed variations reflect tunnel variatiol® to registration with thegsg
sublattice. Bright spots represent good “contactd are presumed to be lattice
matched to the & sublayer. Such contrast is reminiscent of othemdihg organic
monolayer phases [150]. For neighboring stripestasvn in Figure 5.3.b, we
propose the model of Figure 5.3.c. The ZnPc unitisedescribed by the cell

parameters:a= 148+ 002nm,b =169+ 003nm and 8 =120+ 3°.
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Figure 5.3 (a) STM image of the ZnBephase on & showing (b) Magnified
image showing two inequivalent orientations markedyreen and red; Proposed
model of the ZnP@-phase islands:(c) Top view; (d) Side view.

Thermally Annealed Phases

To test the thermal stability of these room-tempeegrown phases, samples
were annealed at 400 K for 10 min prior to roomenature imaging. As shown
in Figure 5.4.a, island shapes compact and therapipisland height increases to
15+ 03 nm (Figure 5.4.b). The near equivalence of then$lheight and ZnPc
molecules width reveals ZnPc in a near-verticabrdation. A previous x-ray
diffraction (XRD) study [216] of thick ZnPc filmsnoglass showed that the ZnPc
adopts a higher tilt angle at higher substrate &atpre =373 K to 473 K),
consistent with our observations. The room-tempeeaproducedo- and B-
phases are completely transformed into a singulactsire. Within this more

robust structure, molecules are organized ifft0] substrate-directed rows. The

ZnPc unit cell showing spacing between rows isbof 092+ 004 nm and along
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the rows periodicity ofa= 052+ 004nm, as marked in Figure 5.4.c. These
dimensions correspond to the cofacial columnarkstgcof ZnPc molecules
within the bulkp-phase. Interestingly, the stress defects obsarvéie o andf-
room temperature phases are not present in thigcalestanding phase. As
expected, the intermolecular-n interactions between the stacked molecules
within the upright phase exceed the spacing incthend - phase molecular
arrangements. The structure and morphology of thBcZfilms are thermally

stable up to the desorption temperature of appratdip 500 K.

Figure 5.4 (a) STM image of post-deposition anrccafmPc island on §
showing a compacted shape relative to room-temyergirown islands; (b) Line
profile across the point on the island edge inédaby the blue line in (a); (c)
STM image showing molecular scale features with cell superimposed; (d) Top
view of proposed model; (e) Side view of proposeitiet.
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5.1.3.2. FisZnPc on Cgg

To explore the impact of chemical modification agtdrojunction formation,
we additionally explore fZnPc:Gy interface formation. Figure 5.5.a shows an
STM image of an BZnPc island grown on 4 monolayer/Ag(111) at room
temperature. The elongated island shape is sirtolaZnPc islands on thegf
monolayer (image not shown). The apparent heighheffsZnPc islands is as
12+ 03 nm, based on an average of 15 different line l@®f(Figure 5.5.b)
across different island edges. This suggests ar lafehighly tilted FgZnPc
molecules, similar to FCuPc on AJO; [217, 218] and on Sig)219]. In the

present, the long edge of the island is along thistsate [1172]jirection. A high

resolution STM image in Figure 5.5.b revealgZRPc islands consist of short
“stacks” of features along thc{ilé] and [1é1] directions. The width of each
stack is 098+ 005nm with a periodicity of 042+ 003nm. This dimension is
also in agreement with;EZnPc structures on AD3[217, 218] and on Si§)219],
as measured by Atomic Force Microscopy (AFM). Weigrs each bright spot to
an RgZnPc molecule in upright orientation orggGnonolayer with the aromatic
plane tilted slightly15°from the surface normal, similar to thephase and
B-phase ZnPc islands ondCImaged stacks can be recognized as columnarsstack
of molecules, as shown in Figure 5.5.c. The stagdction (bright blue arrow in
Figure 5.5.c top view) is aboud® from the [112] substrate direction (long
magenta arrow in Figure 5.5.b and 5.5.c). Therevaoekey differences between

the ReZNnPc:Gyo interface and those on the oxide surfacegC#HPc on AJO; and
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on SiQ. First, the length of the columnar stacks og (S variable (4 to 7

molecules). The histogram of stacks length is shmwFigure 5.5.d, based on six
different RgZnPc islands. Second, stacks are connected by &dinre along the

[11é] direction (long magenta arrow in Figure 5.5.b &6l.c), as depicted by
dark green circle in Figure 5.5.b. Based upon owctiral model, the dim spot
represented ai;EZnPc molecular (point) defect, in which thesZhPc adopts a
more shallow tilt to bridge neighboring stacks. sT'fs depicted in Figure 5.5.c.

The defects are regularly spaced 1+ 005 nm, along the[lil] direction

(short magenta arrow in Figure 5.5.b and 5.5.c)wéier, due to the apparent

variations in stack length, there is no strict péigity along the [112] direction
(long magenta arrow in Figure 5.5.b and 5.5.c). WJponealing at 450 K for 10

min, no obvious structural transition is observétie desorption of fZnPc

islands takes place above 480 K.
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Figure 5.5 (a) STM image showing aZnPc island on a 1 ML §gAg(111), The

Ceo Close packed[]i Oldirection is highlighted in green; Inset: Line fii®

across the point on the island edge indicated by lnhe; (b) STM image showing
molecular scale features; Defect is marked by degkn circle; Different number
of molecular features in different stacks are hgitted by the light green circle;
(c) Schematic model of the point defects at the @ndach stack; vector along

[1lé] : top view (Actual tilt angle is shown in the sidew), (d) Histogram of the
number of keZnPc molecules contain in each stack.

5.1.4. Discussion:

5.1.4.1. Island Shapes

Large islands, observed even in the room-temperajtown film, generally

signify large ZnPc and1&ZnPc mobility on the € surface. This implies weak
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ZnPc-Go and kgZnPc-Gy interactions. Large elongated islands of upright
standing molecules are commonly observed on noatliecesurfaces, such as 6P
(CseH26) 0N TiO,(110) [220], CuPc on N¥SI(001) [221], and FECuPc on AlO;
[217, 218] and on Sig)219]. Anisotropic islands shapes can be of kinetigin,
reflecting: (1) preferential diffusion direction df) island-edge variation in
sticking coefficient. Anisotropy in thermodynamigafavored islands largely
reflects the anisotropy in the intermolecular iat#ton, which is closely related to
sticking anisotropies. For ZnPc, elongated islapdssist after annealing, albeit
more compact, suggesting diffusion anisotropy isthe main shape determinant.
Based upon our structural model, molecular arrayheaends of narrow islands
experience a strongern interaction than that at the sides of islandsyltes) in a
rapid-growth direction. Therefore, attachment anggoy drives the formation of
these highly anisotropic elongated islands. At argbubstrate temperatures, the
ZnPc islands on § become more compact with an aspect ratio (lergthidth)
reducing to around 3-to-1. This is consistent wiie structural model (Figure
5.4.e), in which the shift-stacked ZnPc-ZnPc inteoms along the a and b

directions are expected to be less anisotropic fivatihe o— andp— phases.

5.1.4.2. Stress induced defect.

STM images of Pc molecules ogoGubstrate reveal dense regular packing of

molecules along specific crystallographic direcsioresulting in molecular
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striations. However, on a length scale of a fewonagters, substrate structural
variations between striations are observed. Latticgmatch between overlayer
and sublayer generally induces strain on the oyerleoften resulting in such
anisotropic structures. The consequence of an lasofavoring a lattice constant
distinct from that of the substrate can be studiealytically in one dimension (1D)
via the Frenkel-Kontorova model. This model isclis®predict dislocations and
domain walls in solids under crystallographic strgz22]. Below a critical value
of the mismatch the adlayer remains commensurdte twe substrate; above it
domain walls are formed, separating commensura®ns, i.e., regions where
the adsorbate layer has a perfect registry wittsthstrate. Inside the domain wall
the adsorbate occupies different adsorption siteading to an effective
“rumpling” of absorbate layer. The domain wallsrthierm a superlattice on a
perfect substrate, effectively releasing the stbgssither increasing or decreasing
the number of atoms in the adsorbate layer, thaislging the adlayer [223].

We now consider the height variations in the mdhacstriations as evidence
of defects induced by interfacial stress. For Mctloe Go monolayer, even
though the interaction of &g with MPc molecules is weak relative to a metal
surface, the g monolayer nonetheless is expected to be highiyugated due to
the Go 1 nm spacing and thegg&orientation (pentagon vs. hexagon) that affects
the Go-Pc interaction. Since the lattice mismatch betw€gnsublayer and the
MPc ac plane is large, the sublayer will exert forces sfaould distort the ZnPc

overlayer from the bulk-like geometry. The formatiof defects can act to relieve
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this substrate induced stress and should appeag @@ low energy direction.
This is consistent with our observations. Basednupee proposed structural
models for thex-and -phase of ZnPc islands, the striation direction leaszed
the n-association of highly-tilted ZnPc, This directianthe energetically favored
ZnPc film axis and does not respond to the undeglgiress. In contrast, the ZnPc
intermolecular interaction along the other directis relatively weak and is very
susceptible to Frenkel-Kontorova triggered stredeft Upon 400 K annealing,
all the ZnPc molecules take on a stand stacked-ttata@ce geometry. This
configuration reinforces-n interactions.

For ReZnPc islands on &, we expect electrostatic repulsion between the
nearest neighbors with 16 fluorine atoms in theaowle. Typically, four to seven
Fi1eZnPc molecules assemble intor-gtack short stick feature along the direction
5°offset from the G [112] direction, possibly due to the electrostatic rejuu.
Meanwhile, the corrugation fromggsublayer prevents short stick growing longer.
A defect RgZnPc (dim spot) appears to release the tensioncewilby the
mismatch between;EZnPc and &.

Combining this observation with our previous resofitpentacene on &
monolayer [207], we suggest that defects arisingeli@ve stress in organic thin
films due to interactions with the underlyingsgOmonolayer are a common

phenomenon.
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5.1.5. Conclusion:

We have used STM to observe the interface morpladdgnPc islands that
assemble as  highly tilted phases on 1 MLg/AY(111). In
room-temperature-grown films, defects arise taexaistress in the ZnPc film due
to interactions with the underlyings§ Defects proliferate along the direction of
weakest ZnPc-ZnPc interaction. Upon 400 K annealimi’c molecules become

erect and defects largely disappear due to strangércule-molecule interactions.

FieZnPc on Go/Ag(111) shows similar behavior. Defects appeangilthe [11_2]

and [1_21] directions of G, The electrostatic repulsion betweengdnPc

molecules and the interaction between ZnPc afg@&€tount for defect formation.
Together with pentacenefstructures reported in Chapter 4, the observations
show that stress-induced defects on organic-orgamierface are common.
Carefully engineering stress relief patterns at isdérfaces can be used to control

nanoscale interface morphology.

5.2.Reversed Deposition: Formation of Wandering

Ceo Chains

5.2.1. Introduction

Interaction between g molecules generates monolayer structures with

hexagonal packing and 1 nm nearest-neighbor spd6bigon a rich variety of
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inorganic substrates [66, 224-228]. Alternativeaagements, such as linear
fullerene structures, usually require the use t@naplate such as a vicinal surface
[164, 165]. In Chapter 4, such template-induced r@&nochains formation was
described for trace dg coverage on a pentacene bilayer. In this structUge
chains are stabilized by electrostatic and disperforces. When § coverage
exceeds ~0.05 molecules/Amhowever, a disordered phase, consisting C
wandering chains, arise. Such wandering-chain phasge also observed on
monolayer of zinc phthalocyanine (ZnPc) andexithiophene monolayer [169].
Such filamentous structures are in complete cantoa€so's typical close-packed
growth habit, but are reminiscent of structureg #irégse in dipole fluids. Dipole
fluids models describe spontaneous spatial modustin a diverse collection of
2D systems, including Langmuir monolayers [229]) thagnetic films [230], and
physisorbed monolayers on solid surfaces [231}eRa of stripes, bubbles, and
intermediately shaped domains arise in these sgstBom the competition
between short-range attractions and longer-rangeillsiens between system
components. We now extend the dipole fluid modewtndering G, chains.
From a fundamental scientific viewpoint, the forroatof single molecular width
chains in the absence of a template is challengen R technologic viewpoint,
low density wandering & chains are valuable as continuous pathways faigeha
transport. The understanding of the formation mesma of such g chains is an
important goal.

In this section, | present STM investigation andstatistical analysis of
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wandering chains formation. Chain structures ammpared to the molecular
dynamics prediction of a 2D dipole fluid with the¢Cs attractive interaction
described by the well established Girifalco potnénd the &-Ceso repulsion

described by an effective dipole term. The physaradin of this dipole term is

then discussed.

5.2.2. Experimental

The substrates used fogGilament formation, are first described. Ag(111)
surface was prepared. Deposition of 1.5 ML ZnPdAg(l11) from an effusion
cell at 660 K (typical deposition rate of 0.25 Mlifry) was followed by a mild
annealing at 400 K. A high density (HD) ZnPc mogelaresulted, as shown in
Figure 5.6.a. Pentacene bilayer films were alsod use substrates for g6
wandering chains. Pentacene was evaporated inparpten chamber from a
boron nitride crucible in an effusion cell held30 K. The Gs-wandering chain
phases were then prepared by €vaporation from an effusion cell at 650 K
(typical deposition rate of 0.3 ML/min). Structurahalysis was performed on

room temperature as-grown films.

112



5.2.3. Reaults

5.2.3.1. STM measurements

The STM image of 0.3 ML §/HD-ZnPc in Figure 5.6.a shows the
aggregation of g into islands, with the remaining ZnPc regions ¢htal his
indicate a large § diffusion length on ZnPc. Bare ZnPc regions reveal
structural change from the HD-ZnPc monolayer, asvshin Figure 5.6.a.(inset).
Cso island nucleation occurs at the domain boundarthefsupporting HD-ZnPc
layer. The estimatedggdiffusion length £100nm) implies the corrugation from
the underlying organic film is relatively shalloWith increasing & exposure to
1 ML, islands of the wanderingsgchains cover the surface (Figure 5.6.b). Within
these islands, 4 assemble into wandering chains with a pronoundceeat
character and some additional branching. The irdcalar distance betweerdC
molecules is 1.0 nm, close to the van der Waatanltie of bulk [60]. The Go
density within these islands is ~ 0.54 molecule$/nnith standard deviation ~
0.04 molecules/nfy depending weakly on coverage (0.2 ML~1 ML). This
structure is of considerably reduced density byganson to the g close-packed
hexagonal phase, with a density of 1.15 molecute’s/iThe typical G branch
length crosslink separation is 5.12 nm, with statdkeviation of 1.16 nm. After
annealing the sample at 400 K, modest coarseniagssrved in the formation of
Ceo Clusters. These clusters coexist with thg, @s shown in Figure 5.6.d, and

remain a minor film structure. To quantify the eff®f annealing, we measured
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the number of nearest neighbors per molecule (Ei§L6.e). A nearest-neighbor is
defined as that located within a center-to-centstadce ofr.=1.0 nm. For
unannealed samples (Figure 5.6.c), more than 50%sofare in linear {=2)
arrangement, indicating the one-dimensional chearaof the structures. The
average coordination number of unannealed sampl® For annealed samples,
the coordination number increases to 3.15, siggalive aggregation of small
clusters. Higher temperature annealing was not niadEn due to the finite
thermal stability of the molecular underlayer stanes (pentacene bilayer and
ZnPc monolayer). We note that wandering chaip ghase also on pentacene
monolayer/Au(111) (not shown), pentacene bilaye{lAg) (Figure 5.6.f), and
sexithiophene/Ag(111) [169]. These chain-phasectiras are different from the
Cso Structures on inorganic substrates, whege r@olecules form close-packed
structures. The lower-densityd3tructure on organic substrates mediategCso

interactions by the organic substrate molecules.
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Figure 5.6 (a) STM image of 0.3 MLsgHD-ZnPc monolayer; Magnified inset
shows bare HD-ZnPc region, confirming the lack tofictural change; (b) 1 ML
Cso/HD-ZnPc monolayer; (c) Molecularly resolved STM age shows
guasi-linear G chains of single-molecule width; (d) Moleculargsolved STM
image shows chain coarsening after annealing atkiO@) Histograms of the
coordination numberN;) probability of Go in unannealed samples (red) and
annealed samples (green). The coordination numbabapility of unanneal
sample (red) peaks a@:=2, indicating the presence of linear structurds. (
Molecularly resolved STM image shows very similaiasi-linear o chains on
pentacene bilayer support.

5.2.3.2. Molecular Dynamics Simulation

Since (o wandering-chain structures are observed on melipganic thin
substrates, a general rule must govern this behaSimilar spatial patterns
involving a wide variety of physical systems, sashLangmuir monolayers [229],
thin magnetic films [230], and physisorbed monotayen solid surfaces [232],
have been reported and attributed to a common merhathe competition of
short-range attractive forces and long-range rémas In the presentggsystem,

there must also be a repulsive force betwegn r@olecules and inhibiting
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aggregation into the high density close-packedctira. One possible origin of
this repulsion is the induced dipole moment at miggarganic interfaces [33]. A
simple Hamiltonian captures the essential featneesled to describe the behavior

of the above mentioned system.

Eq.(5.1)

The first term in the above equation is the neamegghbor attraction; the second
term mimics the long-range dipole-dipole repulsion.

We perform Molecular Dynamic simulation of N=685tpdes held in a plane
(35 nm x35 nm) at constant temperatufe (room temperatujeby Langevin
dynamics,

d?x dx
2 —F. -myr—+R
az e g

<RR.. >=2mksT5(7)

Eq.(5.2)

wherex is the position coordination of ongddnolecule R is a random force that
represents thermal fluctuations, which constantjyuts energy into the system
and y is the friction constant that takes kinetic eneagyay from the system.
These forces keep the system fluctuating at tertyrerd. In the simulation, we

treated 685 spherical particles as a dipole flyidrbposing permanent vertical

dipole momentsy; (i=1...N) in the center of eache&c F,,, is thus the total force

ext
between two particles and j consisting of a Girifalco potential [233],
dipole-dipole repulsion, and a perturbation termpesling on the temperature.

The Girifalco potential is one of the simplest watys describe &-Ceo

interactions and has been shown to best reprotiedeutk phase [233]. If we only
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think about the van der Waals interactions, thenititeraction between twog&
molecules can be seen as the summation of the tekdoaes interactions

between two sets of 60 carbon atoms

V (r) = Z(——'§+r% Eq.(5.3)

i,j=1 ij i,
where A and B are L-J parameters. If we assuméalie atoms are uniformly

distributed on the § sphere surface, then the potential can be wrésen

Vo(r)=o® [dSES (-5 +-) Eq.(5.4)
1,2 12 1,2

r is the distance between twogCcenters. o is the carbon density

distributiona=6—sfl), and gp(r12)=az(——'?+%) Is the Lennard-Jones potential
12 12

between two points with distance,on two Go surfaces, and the integration is

over two G sphere surfacg andS,. After the integrating, we get:

VG(r)=—a{ 1 ! E}Lﬁ{ ! + 1 %} ...... Eq

s(s-1)° i s(s+1)? s* s(s-1)° s(s+1)°

Wheres:é, 2ais 7.1A, a = 468x102eV, = 848x10°eV
The Girifalco potential has a well depth of ~0.2%7 as shown in Figure 5.7
(black line). This strong interaction makes thg @olecules stay together to form
the close packed structure on most inorganic sestac
We use the Debye (D) as unit to describe dipole amirm this section. If we

assume eachgg carries a vertical dipole momept the repulsion between two

vertical dipole moments is expressed as:
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p2
V. =
O A’

Eq.(5.6)

where r is the distance between the twgoC@nolecule centersgis vacuum

permittivity. In our simulation, we adjusted thelwa of p from 0 D to 25 D. One
Debye corresponds t8.336x10*°coulomb meter, equivalent to one electron
charges separated by ~0.02 nm.

The influence of the displacement magnitude onnibie G-Cgp interaction
potential is shown in Figure 5.7. The dipole muaveéh a value of 16.8 D to
increase the effective ¢&Cso potential by ~0.13 eV at the nearest-neighbor
distance of 1.0 nm. Simulations based upon thisrgi@l are shown in Figure 5.8:
as the dipolep grows from 16.8 D to 23.8 D, the small close packkdter

disappears and the chains become more dominant.

-— 23.8D

Woo

Potential
o
?

o
N
PR

Ceg0-Cgq center distance (A)

Figure 5.7 Effective €3-Ceo interaction: Girifalco potential with dipole-dipeol
repulsion

118



Figure 5.8 Simulated structures based upon the ipDled fluid potential with
dipole values (N=685 particles in 35 ®i85 nm plane at room temperature): (a)
16.8 D; (b) 19.2 D; (c) 20.6 D; (d) 23.8 D. Subwsreorrugation is excluded from

the simulation. Snapshots are followirigsx10* ps of elapsed time.

5.2.3.3. Measured-Simulated Structure Comparisons

We now present a more quantitative comparison lemtwiéhe measured
chain-phase structure and the simulated results. @dir distribution function
(PDF) is a useful tool to explore short-range ocedein system with long-range

disorder. The PDF is given by the expression:

N

g(r):$22< S(ry|=1) > e, Eq. (5.7)

whereN is the number of £ molecules andj is the separation between thth
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and j-th Gso molecules The formation of(r) is determined by the energetic
interactions between thes@dnolecules. Of immediate relevance is the formhaf t
function based upon interacting spherical dipolartiples [234, 235]. In Figure
5.9, we compare the PDF’s obtained from experinteartd simulated structure;
the latter obtained with 23.8 D dipole sphereshB®DF’s are strongly peaked at
the nearest-neighbor separation of 1 nm. Two amtitipeaks at 2 nm and 3 nm
are observed, before the PDF decays to one. Téssdbcorrelation is consistent
with the measured branch length, noted above. fgignily, g(r) maxima are
located close to integer values of the moleculaamditer, indicating the
predominance of linear aggregation. Based uporavadable data, a dipole fluid

model with a simple Hamiltoniap£23.8 D) reproduces the data well.

3 T T T T T T T T v T T T T T
experiment
——simulation
2. i
=
>
14 J
0 T T T T T T T

r(nm)

Figure 5.9 Pair distribution functiog(r) obtained from the molecular dynamic
simulation performed with a dipole value of p=2®8(Figure 5.8.c) and from
measurement. Experimental values are based upcentigsis of 3 samples and
11 images (corresponding to a total analyzed ardd@d nn?)
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5.2.4. Discussion

The G meandering chain structures are reproduced witlo@el potential in
which the attractive (Girifalco) potential betwe&kh, molecules is balanced
against a repulsive dipolar interaction betwees & substantial ~ 23 D value for
each (o is needed to reproduce the data.

Ishii et al [33] first recognized that dipoles naturally ocaitl heterointerfaces
between organic materials of greatly differing mation energies and electron
affinities (~ 0.5 eV offset). On the basis of wdiknction and photoemission
measurements, interfacial dipole has been rep&oteal number of systems [236].
The formation of an interfacial dipole between targanic layers originates from
several dominant effects [237]: (1) the admixtuir@ @harge transfer character in
the ground state wavefunctions describing the danoeptor interface, a well
known phenomenon described previously at the thieatdevel [238-240]. (2)
polarization of the electronic cloud within the malles, resulting from
interactions between all permanent and inducedipaldis. (3) Pauli repulsion
effect at small intermolecular distances, from ¢herlap of the wavefunctions of
two neighboring molecules. This interaction is mspble for the well known
“pillow effect” observed for molecules depositedroetals [241, 242].

In the present case involvingd-we first assume the interface dipole is solely
induced by charge transfer. FogoGn direct contact with Ag(111), there is a
metal-to-Go charge transfer of 0.8 electron [71]. Based upbe 0.3 nm

Cso-Ag(111) distance [68], the interfacial dipole fdirectly adsorbing € is ~12
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D. Based upon our simulations, a dipole of this mi@agle would not inhibit the
formation of the hexagonally close-packed monolajwreover, on the metal
surface, this dipole is well screened by the metalibstrate [243]. As a result,
Cso molecules form close packed structures on Ag(1Tyr chain phase
structures suggest, however, thag, Gnolecules experience a much larger
repulsive interaction when deposited on this orgéiitm on the Ag(111) substrate.
Certainly, the low carrier concentrations and sldiglectric relaxation in the
organic thin film suppress the creation of an imalgarge allowing the dipole to
retain its value (and repulsion). Therefore, dipdilgole repulsion at
organic-organic interfaces may be greater thani@cttly adsorbed silver.

Scanning tunneling spectroscopy measuremeiitg) (on G chains, reported
in chapter 4, indicate that even a monolayer of @eoular semiconductor
provides significant electronic decoupling of am®t layer from the metal [188].
We thus utilize the simulation-derived dipole momeh 23 D to estimate the
effective charge transfer to theoCThe ZnPc layer is positioned 0.3 nm above the
silver substrate [134, 244] whilesg&ds another 0.3 nm above ZnPc [245], placing
the Go-ZnPc separation at 0.6 nm, Based upon the dipafaitlon, p=qgxr,
the 23 D corresponds to a charge transfer of (e8trein from the silver. This
charge is comparable to the charge transfer fectlyr adsorbing €, suggesting
that the ZnPc film may mediate charge transfehéouppermost £ layer.

However, this 23 D is regarded as an upperbounideteharge-transfer dipole,

as it neglects the additional contribution of inedc dipoles. Indeed,
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guantum-chemical calculation [237] done for theratktiafulvalene (TTF)/
tetracyanoquinodimethane (TCNQ) dimer, demonstrated the net dipole
involves significant polarization effects. Compudas show the induced dipole
moment is sensitive to geometric position of theel i.e., the tilt angle or a
lateral shift between the molecular centers. Intremt, the charge-transfer dipole,
which produces the greatest the vacuum level shiibdependent of the tilt angle.
Based upon the strong polarization ofp @nd ZnPc, we may also expect an
appreciable induced moment. The 0.8 electron nmet&k, charge transfer should
thus be regarded as an upperbound to the actuafecheansfer. Another
contributing factor to the effectives&Ceo repulsion is the elastic force due to the
lattice mismatch between an adsorbegdhd the underlying organic film. Indeed,
the elastic case can be regarded as the tensamarajization of the dipole
repulsion problem treated here. The mechanicaibiléy of organic thin films
arises microscopically from weak interactions betwehe molecules. We note
that ZnPc has a lower cohesive energy thag @nd should thus be more
susceptible to stress-driven reconstruction. Sifrdec film (and pentacene film)
remains intact upon dg deposition, we conclude that interfacial stressnas
driving the formation of the wandering chain phaBee formation of an interface
is influenced by a large number of factors, andsitalmost impossible to
distinguish among all of them. For the present case model forces with an
effective dipolar repulsion betweerd@nolecules. This effective dipole includes a

dominant charge transfer term (estimated at O.&rele) and an additional dipole
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term.

5.2.5. Conclusion

We observe wanderinggsEchains on a variety of organic molecular films.
Such filamentous structures are in complete contasss, molecule’s typical
close-packed growth habit, but are reminiscentipbld fluids. Chain structures
are compared to the molecular dynamics predictodras 2D dipole fluid with the
Cs0-Ceo interaction described by the Girifalco potentiakhvadditional dipole
terms. A vertical moment of ~24 D simulates filam&armation. The wandering
chains have been demonstrated to be once agairtodtiee balance between
short-range attractive interactions, such as thedexr Waals attraction between
the Go molecules and long-range the dipolar repulsionssing from the
interactions between induced dipole or effectivpoté from the unit mismatch
between organic films ands§ The results shown in this section provide clues f
an understanding of the complex behavior at orgargenic interface. Although
our simulation work is based on the simplest dipdiaid model, we obtain a

reliable estimate for the upperbound of chargesfearto Go.
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5.3.Cqo-induced ZnPc Displacement. Formation of

Ceo-ZnPc Co-crystalline Monolayer

5.3.1. Introduction

Nanofabrication methods rely upon two seeminglyaliate “top-down” and
“bottom-up” approaches [159] to create patterngp-down methods essentially
“impose” a structure or pattern on the substratagoprocessed via area-specific
addition/removal of material whereas bottom-up rodghguide the assembly of
molecular building block into nanoscale architeetby utilizing local chemical
properties of component molecules. Molecular prognach interactions such as
hydrogen bonding [246-249], dipole-dipole [250]ndo-acceptor [251, 252], van
der Waals [253, 254], or metal coordinative [2556Rinteractions, support a rich
variety of architecture with distinctive propertidhe emphasis in self assembly
has generally been placed upon the design of spetiblecules for spatial
organization. However, it is also worthwhile to mw and adapt top-down
concepts in self assembly. Here we utilize theletwoncept on the molecular
level to fabricate nanostructure@oZnPc films. We show how zigzag networks
can be reliably produced in a layer-by-layer growtht exploits differences in

surface adsorption energies for self-limited etghin
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5.3.2. Experimental

Low density ZnPc monolayers are first made by ptafsrapor deposition of
ZnPc from a BN crucible at 660 K onto an Ag(1llpstuate. Deposition is
performed in a preparative chamber (base pressbixd6-° Torr) and the sample
is then transferred under vacuum into the UHV-STMarcher for structural
analysis. SubsequentgLdeposition is then performed from a Knudsen cell
(T=650 K) within the UHV-STM chamber. To minimize rdage to the organic
films and preserve their structural integrity, Ibeadectronic properties were
measured using constant current distance voltagetrggcopy Z(V) [43, 144]

with a constant tunneling current of 20 pA.

5.3.3. Result

In Chapter 3, we introduce the two ZnPc monolayarctures that readily
form on Ag(111)- a low density (LD) monolayer phased a high density (HD)
monolayer Gy deposition on ZnPc both monolayer structures presluthe
wandering-Go chain phase, discussed in section 5.2, howevesettwo binary
film structures have very different thermal stdlas.

The LD-ZnPc-supported chain phase undergoes a ticatnansformation
upon 15 minutes annealing at 400 K. This layereany structure rearranges into
co-crystalline phase, consisting ofo&Zigzag chains in a ZnPc nanoscale array,

Figure 5.10.a (The HD-ZnPc supported chain phasecantrast, retains its
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structure upon annealing. Figure 5.6.d) The Zlyzag chains follow the substrate
[]iO] direction, Figure 5.10.b, and have a nearesthimig Go spacing of
100+ 002nm and an internal zigzag angle df26°. The chain-to-chain spacing
is 152+ 002nm at the point of closest contact artb1+ 002nm at the most
offset points, as shown in Figure 5.10.c. In theViSimages, surface regions
between G molecules appear dark. The unit cell of this
structurea= 170+ 002nm, b= 231+ 001lnm, and # =65+ 2°, corresponding
to a Go molecule density of 0.58 molecule/AimThis Gyo density is thus
comparable to that of the meandering-Chains phase from which it is formed.

This co-crystalline zigzag structure is commensuraith the Ag(111) surface.

. . . a 6 O aAg .
The transformation matrix i = , where the lattice vectors for
b| |-1 8] b,

silver are a,, =b,, = 289A.

As previously described, the surface area initiattpvered by the
Cso-wandering chain phase is determined by the coeetdgGo. At lower G
coverage, where only ~30% of the surface is covbyetthe Go chain phase, large
regions of ZnPc are exposed. Upon thermally anngaliese samples, the surface
phase separated into two regions: the co-crystalligzag phase and the
HD-ZnPc phase (Figure 5.10.a). Evidently, the ZnRdecules expelled during
the formation of the co-crystalline phase are acvodmnted in the formally
LD-ZnPc phase, allowing transformation into the HBPc structure. Evidence
for this transformation is the appearance of thedal 20’ rational domains,

reflecting the 3-fold symmetry of Ag (111) substrat
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binary film consisting of a 6 wandering phase supported on a LD-ZnPc
monolayer. (T=400 K, t=15 minutes). Domains of tbe-crystalline zigzag
network coexist with the HD-ZnPc monolayer (b) Mdigal STM image of the
co-crystalline structure. (c) Structural parametersthe array superimposed on
the STM image.

The co-crystalline structure is commensurate wigfflA1) and thus presumed
to be a monolayer structure in direct contact Wit Ag(111) surface. The direct
chemisorption of & is now verified with tunneling microscopy, perfagthin
constant-current distance-voltage modg@/}) at room temperature. The spectral
data in Figure 5.11 shows a peak in the tunnelragtsum, assigned to the highest
occupied molecular orbital (HOMO) of ¢& The spectra for the pureglC
component films, the hexagonalsgCmonolayer (red) is used as a spectral
reference. The HOMO ofggin zigzag chains of the co-crystalline phage¢n)
is at the same -1.9 eV energetic position as theohager phase. This is direct
evidence that thedgmolecules are directly bonded to the substrattheasilOMO
levels are extremely sensitive to the proximity ttee Ag(111l) surface. By

comparison, the g HOMO level for the wandering chain phase on ZrHgure
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5.6.c) plue) is shifted towards much higher energies (-2.4 eMg to the
reduction in polarization energy. This upward stsfalso observed forggstraight

chains supported on the pentacene bilayer [188].

7 g B C,, hexagonal phase on Ag(111)
- Cq in zigzag chains
# . B C,, wandering chains on HD-ZnPc
L |

] £ B ot ]

dz/dV (arb.units)
L
]
&

It
3t

V(V)
Figure 5.11 Comparison afz/dVlocal tunneling spectra forsgzigzag structure
(green), Go meandering chains on ZnPc monolayer (blue) andreete G
close-packed island (red) on Ag(111). Energy aligntrof 1.9 eV HOMO feature

confirms direct Gy-Ag (111) contact in zigzag chains. Spectra acquingth
initial tunneling condition of -1.27V and 0.05nA.

The structural model for the co-crystalline phagéyzag structures) is
displayed in Figure 5.12. From our model, the $timimetry of this co-crystalline
structure is (Gp)2ZnPc. We assume that thegyChexagon resides at the
energetically preferential hollow sites of the Agbstrate [68]. Taking into
account G pore size and the curvature ofpGve deduce that ZnPc molecules lie

flat in the interstitial regions. Unfortunatelyetihigh contrast (height variation) of
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Ceo relative to ZnPc precludes direct imaging of ZmRalecules. Because of the
finite size of the STM tip, the tip will simultanesly tunnel through the ZnPc
while the side of the tip tunnels througl,By considering symmetry, we select
the orientation of ZnPc that aligns the aromati®&axis with the substrat{ﬂi 0]
direction, as observed in the HD-ZnPc phase. Howereen the large distance
between neighboring ZnPc molecules (1.73 nm inaggzhains; 1.68 nm in the
bulk phase) and the room temperature conditiores fiotation of the ZnPc
molecules is a distinct possibility. Such free tiota would further account for the

difficulty of imaging ZnPc in this phase.

L] a r.] .1 ] .} o f n o a o] o] o o o a Lal L.}

Figure 5.12 Proposed structural models for the rgetalline Go—ZnPc phase,
consisting of G zigzags arrays
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5.3.4. Discussion

We observe the transformation of aZnPc bilayer structure into a
co-crystalline monolayer phase. During this thertresisformation, the &g chains
displace ZnPc molecules with a LD-ZnPc monolaydrilevincreasing the ZnPc
density in the surrounding region. This reactivehegtg mechanism is depicted
schematically in Figure 5.13: Phthalocyanine mdexin the LD-phase (Figure
5.13.a) are bound to Ag (111) by relatively weak d&r Waals interactions. At
room temperature, g deposition results in the forming of a bilayemsisting of
the LD-ZnPc bottom layer and thegGvandering chain phase top layer (Figure
5.13.b). Thermal activation of ZnPc displacementy then occurs. Due to
strong intermolecular §-Cso attractions in chains, it appears that the wanderi
chains remain connected and break through the BoRom layer (Figure 5.13.c).
Such a molecular displacement is expected onheifadsorption of the displacing
molecule exceeds that of the displaced molecul8][Ihe thermal energy further
allows the chain to align with the Ag (111) to ieal its preferred <110>
alignment with the substrate. The annealing tentpexais sufficient for ZnPc

diffusion and desorption from the ZnPc second layer
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Figure 5.13 Schematic illustration of 2D co-crykta formation mechanism upon
Ceo displacing ZnPc after annealing

5.3.5. Summary

We have investigated the formation of a 2D co-atlise structure made of
Cs0:ZnPc. The structure is produced by the effectit@hiag of the LD-ZnPc
monolayer by the § chain-phase under thermal activation. This study
demonstrated that a well-defined the structure witranoscale repeat pattern can
be readily formed by exploiting differences in chsonption energies and
relatively weak intermolecular interactions. Thigheng-assembly approach is
complementary to the molecular programmed selfrable approach, where

chemical groups are often employed to direct pati@mation.
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6. Chapter 6 Binary system:
ZnPc:FiZNPc

The ZnPc and fsZnPc single component properties are discusseldapter 3.
In this chapter, | will discuss binary ZnPgEnPc films. This work has been
submitted toThe Journal of Physical Chemistry C. Collaborativith Professor
Marco Buongiormo Nardellim from North Carolina S&dtiniversity, a paper on

DFT calculations has been submitted to The Jowin@hysical Chemistry C

6.1.Introduction

Intermolecular interactions at surfaces drive rithuctural diversity that
promises exciting applications of molecular nan@sce [159]. In particular,
aromatic coordination complexes, such as metalgbttiyanine (MPc), deposited
on metal substrates are prototypical models of s@miuctor/metal interfaces for
molecular electronics applications [24].

Despite the enormous interest that these ideas $@aw@n in recent years, it
remains unclear whether structural diversity trares to functional diversity,
especially when intermolecular interactions arecowalent. Moreover, the effect
of the molecule-substrate interaction is not conebe understood and the
potential role of the interface in tailoring theeironic properties of the assembly

remains to be explored. It is thus important toestigate situations where
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intermolecular interactions and/or substrate-medianteractions have dramatic
consequences for the electronic structure of mtde@ssemblies and can be used
for the tailoring of surface properties for advatheepramolecular design.

Metal phthalocyanines are useful materials for wigahin film electronics
due to their chemical stability, electronic andicgdt properties, and film quality
[110]. As discussed in chapter 3, single compo@Rc and ZnPc films on
Ag(111) follow structural trends established for &ftm growth on a variety of
substrates including HOPG [140], MoR22], Au(111) [123, 125] , 5x 20"
Au(001) [128, 129], and Ag(111) [134, 137]. Bothlewules readily form ordered
structures that are incommensurate with Ag(111).e Tlmonomolecular
arrangements in these incommensurate phases agelyladictated by the
molecule-molecule interaction.

We now explore the relationship between film sl organization and film
electronic structure in films assembled from ZnRd &eZnPc. Assemblies of
two molecules with virtually identical size and pbabut with offset electronic
states and opposing electrical transport charatiesj are intriguing from the
perspective of structure-property correlations. vienesly RgCoPc and Ni
tetraphenylporphine were found to display perfeternmixing, where donor and
acceptor species alternated from site to site inrdared 2D array [257]. We now
probe the impact on electronic structure of molacidvel intermixing for the
case of ZnPc and;&ZnPc, comparing the co-crystalline film resultstiose of

single-component films.
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6.2. Experimental

ZnPc and ZnPc were co-deposited onto Ag(111) from two BNcdrles at
660K and 680K, respectively, at a typical rate o250 ML/min and then

transferred under vacuum to the STM chamber.

6.3.Result

6.3.1. Sructural Information

Co-deposited, ZnPc and;#nPc spontaneously organize into a highly
ordered two dimensional superlattice. As showniguie 6.1.a, this superlattice
exhibits few structural defects and extends ovegeladomains, crossing silver
steps without interruption. Molecularly resolvedaiges (Figure 6.1.b) reveal a
checkerboard pattern, in which ZnPc angZRPc are alternatively arranged along
the substrate[]i OJand [11_2] directions. The bright molecule is tentatively
assigned to fsZnPc, based upon the energetic ordering of HOMCelév
described below. This bright/dim contrast is obedracross a wide -1.5V ~ 1.5
V tip bias range. One supramolecular unit cella£ 203+ 002 nm,
b= 201+ 002nm, #=89+1°) is superimposed on the image, indicating a

molecular packing density of 0.49 molecules’nm
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Figure 6.1(a-b) STM images of ZnPc:i¢EnPc intermixed monolayer.
Topographic profile along dark blue line shown mset. (c) Structural model of
commensurate checkerboard phase. Registration (b1Agdetermined with the

assistance of a(2y3x23)R30° -Cgo calibrate (not shown). (d) Molecular

neighbors in checkerboard show two C-F...H separgtith (285 pm) and b
(298 pm) with + 20pm uncertainty

Images with submolecular resolution show one of lheg axes of each
molecule (i.e. phenyl ring axis) aligned with thiese-packed substratbio]
direction. Thus, ZnPc andi&ZnPc occupy identical adsorption sites on the silve
surface. A model for the checkerboard structurgrsvided in Figure 6.1.c.
Precise registration with respect to the Ag(111)swdetermined with the
assistance of an internalgdCmolecular calibrant. Specifically, we prepared

(2\/§X 2@)R30° Cso islands in coexistence with the checkerboard giracon
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Ag(111). We then utilized the well known registoati of G with respect to
Ag(111) [68] to deduce ZnPc andsEnPc registration in the checkerboard.

Within the checkerboard structure, neighboring males (Figure 6.1.d)
show two inequivalent C-FH separations, 285+/-20 pm and 298+/-20 pm based
on 15 measurements. These separations are welhwite expected range of
hydrogen bonds and are nearly identical to thogerted for EZnPc on Ag(111)
[258]. Table 6.1 summarizes parameters for all olese ZnPc, [ZnPc

monolayer structures and checkerboard structure.
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Table 6.1 Primitive Vector Parameter of the adsbrbeerlayer with respect to
Ag(111)*

Structure ZnPc fsZnPc alternating row Checkerboard
LD HD

Primitive | a(nm) 1.56 1.35 1.50 1.50 1.45

Vector b(nm) 1.25 1.33 1.63 1.75 1.50
0 83 88 84 65 90

Matrix (5.4 o] (4.7 0] (5.2 o] (5.2 0] (5 0)

05 25 02 26 06 32 26 32 0 3

Substrate Incommensurate Incommensurate Incommensurate Incommensurate Commensurate|

Registration —point on line —point on line —point on line —point on line

Molecular 0.51 0.55 0.41 0.41 0.49

Packing Density

(molecules/nf)

*The primitive vectors for Ag(111) surface alor[gi @hd [1172]directions

with the nearest neighbor distances.

6.3.2. Electronic Energy Levels

Scanning Tunneling Spectroscopx\) measurements were performed on
both the single-component (Figure 6.2.a) and chbcdeed monolayer (Figure
6.2.b). For the single component molecular filnie dccupied state resonances
are observed at -1.5 eV (ZnPc) and -1.4 eMAPc) and are attributed to the
HOMO's. Unoccupied states appear at 1.5 eV (ZnRd)1a3 eV, (sZnPc), but
we cannot rule out additional electronic statesoater energies due to limited
signal-to-noise at low and positive voltages. ThégeMO levels, and their
relative positions, are consistent with ultravigitotoelectron spectra (UPS) for
closely related systems: ZhPc/Ag(111) [259], FCuPc/Ag(111) [260], and CuPc

and RgCuPc/Au [261].
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Figure 6.2 Tunneling spectra acquired mmV mode:(a) Single component
monolayer phases: For occupied molecular statec £gieen) trace averages 14
sweeps at 50 pA from -0.910 V initial biageZnPc (red) trace averages 27
sweeps at 60 pA from -1.000 V initial bias. Foroacupied molecular state:
ZnPc (green) trace averages 10 sweeps at 50 pA {0884 V initial bias;
FieZNnPc (red) trace average 10 sweeps at 50 pA fraBB0V initial bias. (b)
Intermixed Checkerboard phase: traces average é4@pswvat 40 pA with initial
-0.839 V bias for both occupied molecular state amolccupied state ZnPc (green)
and kgZnPc (red) traces acquired by separately positgpthe tip over the dim
and bright image features

In the intermixed checker phase, local spectroscomasurements are
separately performed over both bright and dim mdex The HOMO positions,
dim (-1.75 eV) and bright (-1.65 eV), are shiftednh those of pure ZnPc (-1.5 eV)
and ke ZnPc (-1.4 eV) films. These features are assigmednPc (dim) and
FieZnPc (bright), respectively, on the basis of enicgwdering. Most significant

is the appearance of a pronounced electronic statee checkerboard structure
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for both species at -0.8 eV, indicating a delocalizationrae supramolecular
structure. This state is not detected on pure ZoP@ure kgZnPc films.
Unoccupied states at 0.55 eV and 1.5 eV are alserebd for this stable

checkerboard film.

6.4. Discussion

Single component ZnPc and;gEnPc films follow structural trends
established for MPc film growth on a variety of strates including HOPG, MaS
[122], Au(111) [123, 125] , 5x 20” Au(001) [128, 129], and Ag(111) [134]. On
these surfaces, MPc molecules also readily formeredl structures that are
incommensurate with the substrate. The monomole@ant@angements in these
incommensurate phases are largely dictated by tlecue-molecule interaction.
Effectively the MPc-surface interaction, thoughatwng a charge transfer, does
not appear to be highly directional.

The checkerboard structure allows the long (pheaygs of both MPc
molecules to run along the nearest- and next-nedresctions of the Ag(111)
lattice. Moreover, the precise registration centkescarbocyanine macrocycle on
a silver atom, effectively overlapping a 7-atomstén on the Ag(111) substrate.
This indicates a stronger chemisorption interactiaith the substrate, and is
consistent with the more stable STM imaging. Thiorgyer chemisorption

interaction further accounts for H...F hydrogen ddéengths of 285 pm (H and
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298 pm (H) which are ~10% longer than the typical H...F boswgth of 260 pm
[262, 263]. This molecular arrangement is nearigniccal to that reported for
FsZnPc [258] in which DFT-computed intermolecular gpg for ZnPc also
yielded two elongated H...F hydrogen bonds (281 pth280 pm). Evidently, the
chemisorption interaction with the substrate is pensating the supramolecular
arrangement for the energetic cost of stretchieghgdrogen bonds.

Electronic states on the commensurate checkertstarcture are delocalized
over both ZnPc andif ZnPc components, as evidenced by the newly ocdupie
state at -0.8 eV. Checkerboard bands at -1.6 eVl1an@&V appear correlated to
single-component states at similar energies (-V.4wed 1.4 eV for iZnPc and
-1.6 eV and 1.6 eV for ZnPc). Charge-transfer fribi@ substrate was previously
observed for FCuPc on Ag [260]. UPS studies of neat subfluoridate
phthalocyanines have similarly reported “interfastates” associated with
substrate-molecule interaction, but at much lowedibg energies compared to
the new state in our checker phase [259, 260]. YWWpgse the new state arises
from a partial filling of the molecular LUMO. Theow-energy states for
checkerboard structures involve a diffuse metdlidAO charge transfer. This
metal-tost interaction partially broadens the molecular bandsit the
phthalocyanines essentially retain the electromaracteristics of the discrete
molecules. The delocalized character of the frontier orbitals interact witret
broad s-band of silver, which act as a surfacedteetron gas. This gives rise to

a weak but persistent charge transfer from the In@ethe molecules that result in
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the occupation of the MPc’s LUMO and the stabii@atof the adlayer. This
weak-and-extended coupling mechanism has been opidyi proposed for
n-conjugated molecules such as PTCDA ang &sorbed on the noble metal

surface through a rearrangement ofthedectron systems [68, 264, 265].

6.5. Summary

We have compared the structural and electronic achewmstics of
single-component and binary monomolecular films &iPc and E[ZnPc.
Co-deposition of ZnPc and&nPc results in an intermixed “checkerboard” phase.
Unlike the single-component phases, the binary @lim€ommensurate with the
substrate and is stabilized by both chemisorptiod an H...F hydrogen bond
network with elongated H...F bonds, relative to sthaypically observed in
molecular systems. This checkerboard structuresgnse to a new low energy
state, delocalized over both species. This intertdate involves a diffuse metal to
LUMO charge transfer. The more robust ZnRgZRPc checkerboard structure

facilitates the detection of this state in room penature STS measurements.
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7. Chapter 7 Summary and Outlook

Since the time | have initiated this dissertati@search, multi-component
organic molecular films have seen increasing appba in photovoltaic
technologies and other organic electronic appbeeti These applications have
been based upon unverified assumptions regardimgsfiructure and electronic
properties. This thesis provides an increased staladting of factors that control
structure in binary molecular films and begins siablish structure-electronic
property relations across donor-acceptor interfacks this thesis, three
technologically relevant “donor-acceptor” system® a&tudied with variable
temperature STM/STS: pentacene (Pgy.@inc phthalocyanine (ZnPc):s6and
zinc phthalocyanine (ZnPc) and perfluorinated zpithalocyanine (FsZnPc).
These three model systems provide a systematioretn of the impact of
molecularshapeand moleculaband offsebn morphology-electronic relations in
thin film heterostructures.

In this thesis, | have demonstrated how domainamkechemical morphology
are controlled by composition and film processimgditions. | also show how
single component phase diagrams may be more gbnexaloited to selectively
prepare binary film architectures. | perform “noesttuctive”z(V) spectroscopy at
room temperature and show that the electronic p@msgap is influenced by

polarization energies that depend explicitly upoa local chemical environment,
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such as the number of nearest neighbors and dimmdependent polarizabilities.

The z(V) technique has been shown to provide accurate \aflenergy levels

within ~6 eV of E at room temperature. TI®V) measurement is thus a useful

tool to characterize molecular interfaces.
Some general observations are outlined below:

(1) Organic binary co-crystalline films (pentaceng:Cand ZnPc:G) are
kinetically accessible by exploiting the relativEfatences in the component
cohesive energies to the substrate. By utilizingusatial deposition, the
component with lower absorption energy is depoditst, and then the more
strongly adsorbing componentgfGelectively displaces the first component.
The final structure is stabilized by weak anisoitapteractions. This kinetic
route to assembly is different from supramolecdiegctional bond (hydrogen
and halogen bonds) approaches and surface tempkssdmbly. This
mechanism may be quite general, giving an additiorethod for the rational
design of complex nanoscale architecture.

(2) Cgo wandering chains form on a variety of organic thiim substrates. These
single-molecular-width chains are simulated withmedel that balances
short-range attraction (Girifalco potential) andnderange repulsion. An
effective dipole moment of 23 D suggests that sauigl charge redistribution
accompanies £ adsorption on organic films.

(3) Local tunneling spectroscopy on the supporteg Wzandering chains shows

that the HOMO and LUMO levels are significantly fegdl from their bulk
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values. This indicates polarization energies thedetid explicitly upon local
chemical environment, such as the number of nearegthbor. A higher
packing density along the donor-acceptor interfacguld have a more
effective charge screening effect and result iaveet charge injection barrier.
This suggests that higher packing density alongodanceptor interface is a
desirable configuration for avoiding “polarizatiobarriers” in organic
photovoltaic applications

(4) The ZnPc:ksZnPc checkerboard structure gives rise to a newelogrgy state,
delocalized over both species. This state involveharge transfer from the
metal substrate to the molecule’s LUMO. This inthsathe important role the

substrate plays.

Overall, this research has developed methods intralbng chemical
morphology along the donor-acceptor interface, anderstanding of how this
morphology influences electronic transport. White texperiments and studies
described in this thesis looked only at monolayed hilayer films, thick films
involving three dimensional interfaces are, of seurthe most relevant for
heterostructure operation. However, STM can noilyeaseasure the buried
structure of 3D donor-acceptor interfaces thaidamectly relevant for photovoltaic
devices. Kelvin probe force microscopy would beamdjtool to overcome the
thickness limitation. Also, due to the instabildf/the room temperature tunneling

junction, the useful voltage ranges for #{¥) studies is [\/bias| > 05V. Performing
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spectroscopy measurements at lower temperaturesewhe tunneling junction

will be more stable, would allow us to extend theahle voltage range for

spectroscopy to within 100mV of the Fermi level.cdmbination of ultraviolet
photoelectron spectroscopy (UPS), inverse phottrelespectroscopy (IPES) and
two-photon photoelectron spectroscopy (2PPES) waqutivide more detailed
electronic information on dynamical aspect of extidissociation, such as the
influence of the donor-acceptor interface on excitibfetime, rate of exciton
diffusion, and the influence of electrostatic feldear the interface. With the
protocols for sample preparation determined in tB€M studies, more
comprehensive electronic information can be derivBdch experiments are
already underway at NIST. Structural models deddoenh the images, such as
relative orientation and separation of the donait aoceptor molecules, can be
used as an input for further calculations to urtdexs the nature of the
intermolecular forces that determine the architestu

Based upon results in this thesis, | proposed tadiqularly interesting
experiments that could be done by STM:

1. It would be of interest to investigate interfacilectronic and molecular
structure through the use of a third molecular congnt in a system such as
pentacene-gdyad. By sequential deposition, the dopants coeltbrhte the
donor-acceptor interfaces and increase packingitgenév/) measurement at
the dopant sites and also at the domain boundeolsl reveal the packing

density effect on electronic structure.

14¢



Cso Wandering chain formation on top of organic thilm$ is particularly
interesting. In this work, the effective dipole ided from calculation is about
~23 D, compared with ~12 D inggon bare silver. To further investigate the
origin of this dipole, more polarizable moleculssich as &, deposited on

the same organic thin films could be used.
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