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Abstract

Deposition of submonolayer coverages of 3,4,9,10-perylenetetracarboxylic
diimide (PTCDI) onto NaCl(001) results in the bimodal growth of coexisting squ-
are and needle-shaped islands. The epitaxy of each island type was determined
from molecular and atomic resolution non-contact atomic force microscopy (NC-
AFM) images. Post-deposition, the needle islands grow while the square islands
disappear completely within days. This is characterized as a dewetting transition,
the dynamics of which has been described and empirically fit to the monomolecu-
lar growth model, a model typically applied to biological growth.

Methods of tailoring molecular thin film morphology and maturation rate
were investigated. The island surface distribution, size, shape, and rate of de-
wetting of submonolayer coverages of PTCDI on alkali halides may be varied by
changing growth conditions such as temperature and by templating the substrate
with single atomic layer deep pits or depositing gold nanoclusters to modify island
nucleation. This characterization is an important step in controlling the structure
of thin organic films for devices that are sensitive to nanoscale film structure.

Film morphology of organic photovoltaic materials can have a dramatic in-
fluence on device performance. Building upon previous morphological studies
of tailoring molecular island size and nucleation site distribution, thin films of
PTDCI (an electron donor) and copper (II) phthalocyanine (an electron acceptor)
molecular islands were grown under ultra high vacuum conditions. Topography
and surface contact potential were simultaneously mapped in a preliminary NC-
AFM and Kelvin probe force microscopy study investigating structure-function
relationships in photovoltaic energy generation.



Résumé

Le dépot de sous-couche simples de 3,4,9,10-pérylénetetracarboxylic dii-
mide (PTCDI) sur du NaCl (001) résulte en une croissance bimodale d’iles en
formes d’aiguille et de carré. L'épitaxie de chaque type d’ile a été déterminé
par imagerie microscopique & force atomique non-contact (NC-AFM) avec des
résolutions atomiques et moléculaires. Aprés le dépot, les iles en forme d’aiguille
croissent tandis que les iles de forme de carrés disparaissent completement en
quelques jours. Ceci est caractérisé par une transition de démouillage, pour la-
quelle la dynamique a été décrite et empiriquement ajusté au modele de crois-
sance mono-moléculaire, un modele généralement appliqué aux croissances bio-
logiques.

Les méthodes d’adaptation de la morphologie des couches moléculaires
minces et le taux de maturation ont été étudiés. La distribution de surface, la taille
et la forme des iles, ainsi que le taux de démouillage des sous-couche simples de
PTCDI sur les alkali-halides peuvent étre modifiés en changeant les conditions
de croissance telles que la température, en remodelant le substrat avec des trous
profonds d’épaisseur atomique ou en déposant des nano-amas d’or pour modi-
fier la nucléation des iles. Cette caractérisation est une étape importante pour le
controdler la structure des films organiques fins pour des appareils qui sont sens-
ibles a la structure des films aux échelles nanoscopiques.

La morphologie des films de matériaux organiques photovoltaiques peut
avoir une influence importante sur la performance de ces appareils. En s’appuyant
sur des études antérieures portant sur ’adaptation de la taille des iles moléculaires
et la répartition des sites de nucléation, des films minces d'iles de PTDCI (un don-
neur d’électrons) et de cuivre (II) phthalocyanine (un accepteur d’électrons) ont été
cultivés sous ultra haut vide. La topographie et le potentiel de contact a la surface
ont été cartographié simultanément dans une étude préliminaire de microscop-
ies NC-AFM et sonde Kelvin pour caractériser les relations entre la structure et la

fonction de la génération d’énergie photovoltaique.
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Introduction

1.1 Motivation

1.1.1 Organic Electronics

The field of organic electronics uses molecules as the building blocks of a
wide range of organic electronic and optoelectronic applications, including or-
ganic field effect transistors (OFETS), organic light emitting diodes (OLEDS), sen-
sors, rectifying junctions, single molecule devices, non-linear optics and photovol-
taics. The interesting optical and electronic properties of certain organic molecules
advocate their use in such applications [1-3]. To this end, thin film growth of a
variety of molecules on different substrates has been studied [4, 5]. Perylene de-
rivatives are one such class of organic semiconducting molecules which are eas-
ily modified [6-15], and this thesis investigates the controlled growth of 3,4,9,10-
perylenetetracarboxylic diimide (PTCDI). The morphology of thin films critically
determines application relevant properties, and can be controlled during growth
to some degree by experimental parameters [2,16]. However, post-growth dynam-

ics may change the film structure and resulting properties.
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2 CHAPTER 1. INTRODUCTION

Figure 1.1: Solar energy at McGill University: BigBelly Solar Compactor waste disposal
on campus

1.1.2 Organic Photovoltaics

Organic photovoltaics (OPVs) is an exciting application of molecular elec-
tronics initiated by Weinberger and coworkers in 1981 [17]. In the search for sus-
tainable methods of energy harvesting, solar cells hold a great deal of promise. The
sun irradiates the earth with an annual average of about 180 W/ m? of solar energy
reaching the surface of the earth [18], which summed over the surface of the earth
amounts to 2.9 x 10** J annually. This is substantial compared to the projected
2011 global consumption of 5.5 x 10 J [19]. However, capturing solar energy is a
complex and inefficient process that still requires significant research and develop-
ment. The solar photovoltaics industry grew by an order of magnitude from 2000

to 2009 [20]. In 2010, solar energy provided 1.2 x 10'7 J of the United States total
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national energy supply of 1.0 x 10% J [21], or about 0.1%. State of the art inorganic
solar cells have reached a reported efficiency of 43.5% (Solar Junction) as of April,
2011. These devices are expensive and require the use of hazardous materials dur-
ing fabrication. Organic solar cells hold promise as a cheap and safe alternative,
but must overcome additional efficiency and reliability challenges to become a vi-
able means of solar energy harvesting. Commercial organic solar cells have lagged
in development, recently reaching efficiencies of 8.3% (Konarka) [22]. Recent find-
ings indicate the functionality of organic photovoltaics is strongly dependent on
morphology [23], particularly at interfaces between active materials. These mater-
ials are typically amorphously grown from solution and characterized under am-
bient conditions using ensemble optical and electronic techniques that reveal the
average behaviour. High-resolution scanning probe performed on clean materials
grown under ultra high vacuum conditions is presently an un-exploited technique
with great potential for correlating the nanostructured morphology with funda-

mental physical processes in photoharvesting.

1.2 Background

1.2.1 Thin Film Growth

Studies of crystal growth kinetics date back to the classic 1951 article by
Burton, Cabrera and Frank, known as “The BCF Paper” [24], and the popular 2000
book by Venables [25] gives a detailed overview of the subject.

Thin film growth can be described by a series of consecutive atomistic pro-

cesses, illustrated in Fig.1.2. Additional considerations (such as added degrees of
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freedom) are needed to fully describe molecular thin film growth that will be neg-
lected at present and revisited in Chapter 2. First, film particles arrive at a surface
from some deposition source (such as thermal evaporation, sputtering, molecular
beam epitaxy or chemical vapour deposition). The incident particles will either
reflect, temporarily interact with the surface and then re-evaporate, or stick to the
surface (adsorption). Adsorbed particles may stay in one place or may diffuse (hop
along adjacent adsorption sites) across the surface until finding a more favourable
binding site (such as a defect). Multiple adsorbed particles may diffuse into one
another (coincidence), and may stick together to nucleate an island if the critical
number of particles are present to make this energetically favourable. Film growth
proceeds from here. The driving force for all surface dynamics is the minimization
of free energy of the system, which depends on the thermodynamic balance of
surface, bulk and interfacial stresses and energies.

Several film growth modes exist near thermodynamic equilibrium, as illus-
trated in Fig.1.3. In layer-by-layer (Frank-van der Merwe) growth, a complete layer
forms before the next layer begins, because adatoms interact more strongly with
the substrate than one another. In island (Volmer-Webber) growth, three dimensional
(3D) islands are formed, because adatoms interact strongly with each other but
weakly with the substrate. In layer-plus-island (Stranski-Krastinov) growth, wet-
ting layer(s) form first, with 3D islands on top. This is because adatoms inter-
act strongly with the substrate to form strained lower layers, but farther from the
substrate this interaction is reduced, and adatom-adatom interactions dominate to
create islands.

Island growth can be further characterized by the shapes and structures

formed, which depend on the dynamics of the system and growth conditions. Ad-
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Figure 1.2: Atomistic processes of early film growth

sorbates coincident on islands may join the island if it is energetically favourable to
do so, and may diffuse to reach a more stable site within the island if it has the time
and energy to relax. Site stability depends on the number of nearest neighbours an
adsorbate has (coordination number). Zhang and Lagally [26] define four island
growth regimes as follows: In the hit and stick diffusion limited agqregation growth re-
gime, adatoms do not have the energy or time needed to relax before being pinned
by more adatoms, resulting in fractal islands with thin branches (width on the

order of one adsorbate). This growth mode is not generally observed experiment-
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Figure 1.3: Near equilibrium thin film growth modes

ally. In the extended fractal growth regime, arriving adatoms relax to find at least two
nearest neighbours, resulting in fractal islands with thicker branches (width on
the order of four adsorbates). This growth mode is defined for triangular lattices
but not square lattices. In the island-corner barrier effect growth regime, adatoms can
diffuse along edges but not around corners, producing fractal islands with branch
thicknesses depending on the diffusion rate. In the compact island growth regime, all
corners can be crossed easily by adatoms. On triangular lattices this corresponds
to at least two nearest neighbours and on square lattices at least three. The island
shape is determined by competition between different step orientation energetics
and may be influenced by the substrate.

Films may continue to evolve as a function of time even after deposition
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Figure 1.4: Post-deposition film ripening processes

is complete. Ripening involves the redistribution of adsorbates, driving the sys-
tem towards a minimum free energy. Some examples are illustrated in Fig.1.4.
Surface reconstructions can change the structure of the top layer(s) of atoms or
molecules in a film (often to reduce the number of dangling bonds). Film coarsen-
ing or roughening is a form of ripening that can decrease film continuity and is
often regarded as an undesirable degradation process for electronic and optical
devices. Frequently, large islands or clusters grow at the expense of smaller ones
(sometimes referred to as Ostwald Ripening). In some cases, this redistribution
of adsorbates is associated with a change in crystalline structure. Fig.1.5 illus-
trates some of the processes which take place within individual islands. Interlayer

mass transport is the process by which adsorbates from lower layers (which may
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Interlayer Mass Transport
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Figure 1.5: Island ripening processes

be strained due to substrate interactions) diffuse vertically to join upper layers.
Dewetting is the specific case of interlayer mass transport in which molecules from
the lowest (wetting) layer (which may or may not be a continuous film depend-
ing on deposition coverage and rate) rearrange to form islands. Dewetting can be
associated with a structural change, as is exhibited by PTCDI deposited on NaCl
and will be discussed in detail in Chapter 2. Island diffusion takes place when ad-
sorbates are not stably bonded and can escape and diffuse between neighbouring
islands and across the film surface. If the centre of mass of an island changes posi-
tion, the island is said to have diffused. Island diffusion can be Brownian (random
and temperature dependent) or directional in some specific cases where adsorbate

diffusion is not uniform (also observed for PTCDI on NaCl, see Appendix A).



1.2 BACKGROUND 9

1.2.2 Atomic Force Microscopy

Atomic force microscopy (AFM) is a form of scanning probe microscopy (SPM)
capable of atomic resolution imaging, developed by Binnig, Quate and Gerber in
1986 [27].

A sharp tipped cantilever is scanned over a sample surface in a manner sim-
ilar to a turntable needle (stylus) on a record (see Fig.1.6). However, instead of
using the tip deflection signal to actuate a speaker and produce sound, it is used
to create a topographic map of the sample surface. The probe must be sharp in

order to minimize feature broadening (tip convolution) in the resulting image.

Figure 1.6: Turntable stylus used to read audio track on records. Photo credit: Ben Topple

The cantilever deflection signal can be recorded in several ways. The most
common method is by measuring the deflection of a laser beam reflected off the
back of the cantilever surface with a quadrant photodetector [28], and is used for

all experiments herein. The beam is aligned such that the signal recorded by the
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position sensitive photodetector can detect motion both along the cantilever axis
and perpendicular to it [29]. Other detection methods include optical interfero-
metry [30], and less commonly the use of piezoresistive cantilevers [31], capacitive
sensing [32] and the original STM scheme used to detect tunnelling current in the
first AFM [27].

Relative motion of the tip raster scanning across the sample surface is usu-
ally achieved by a piezoelectric tube scanner. AFM imaging can be done in either
constant height or constant force mode (see Fig.1.7). In constant height mode, the
cantilever is raster scanned in an xy-plane above the sample surface, and changes
to the tip deflection signal are recorded as a function of position. In constant force
mode (sometimes called topography mode [33], a feedback circuit is used to con-
trol the z-position of the tip (the distance normal to the sample surface plane, or
“height”) in order to maintain a constant tip deflection signal during scanning,
and changes to z position are recorded as a function of position. Both modes have
advantages and limitations. Constant force mode is rate limited by the response
time of the feedback circuit, while constant height mode is sensitive to topographic
artifacts and therefore only appropriate for samples that are flat relative to the tip-
sample separation distance. Constant force mode is used herein, though we shall
see later that our application is further specified as constant force gradient mode.

There are three main AFM imaging modes: contact mode, tapping mode,
and non-contact mode. In contact mode, the AFM tip is brought into contact (repuls-
ive interaction, discussed further below) with the sample surface, and the static
cantilever deflection is measured and/or used for feedback (depending whether
in constant height or constant force mode). This mode is sensitive to low frequency

noise, drift and wear to both tip and sample. In tapping mode [34] (also called in-
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Figure 1.7: AFM imaging cantilever scan motion in (a) constant height and (b) constant
force mode

termittent contact mode), the cantilever is oscillated by a piezo element at an amp-
litude on the order of 100 nm and the cantilever oscillation amplitude is measured
and/or used for feedback as the tip “taps” across the surface. The tip reaches the
repulsive force regime (see Fig.1.8) close to the surface, decreasing the cantilever
oscillation amplitude. The associated decrease in lateral friction (dragging) forces
on the tip during tapping mode reduces wear, but the apex will still be be blun-
ted during imaging. Tapping mode is particularly useful for samples in ambient
conditions, under which a water meniscus forms in surfaces. In non-contact mode
(NC-AFM) [35], the cantilever is oscillated at a smaller amplitude (typically under
10 nm) and the oscillation amplitude and resonance frequency are measured and/
or used for feedback in amplitude modulation and frequency modulation methods re-
spectively. NC-AFM operates in the attractive force regime (see Fig.1.8) and never
comes into contact with the sample, rendering it a “non-destructive” technique.
Frequency modulated (FM) NC-AFM (developed by Albrecht et al in 1991 [35]) is

the imaging mode used throughout this thesis.



12 CHAPTER 1. INTRODUCTION

........ Chemlcal

= == Van der Waals
— — Electrostatic
=== Net Force

N W B~

O -

Force (F,,) [nN]
N

v

0 0.5 1 1|.5 2
Separation (d,,) [nm]

Figure 1.8: A typical “force-distance” curve used to explain typical NC-AFM imaging
conditions

NC-AFM

The FM NC-AFM feedback loop used herein is illustrated in Fig.1.9. The
cantilever is oscillated with a sinusoidal drive signal on the excitation piezoelec-
tric element (sometimes called the shaker piezo). The laser deflection photodiode
detects the cantilever oscillation signal, which is sent to a phase locked loop (PLL)
amplitude controller box (which also contains an automatic gain controller (AGC)
used to maintain a set oscillation amplitude) that modulates the drive signal sent
to the shaker piezo. During FM NC-AFM imaging, the cantilever is oscillated on or
near resonance, which shifts as a function of interaction force with the sample (ex-
plained below). The feedback maintains a constant frequency shift (relative to the
“free” or non-interacting cantilever resonance) which corresponds to a constant
tip-sample interaction during imaging (constant force mode) by compensating the
tip-sample separation (tip height, z) with the xyz-piezo tube.

NC-AFM can be used in vacuum (typically with FM) and fluid (such as air
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Figure 1.9: Feedback loop for force gradient mode frequency modulated NC-AFM. Details
of the nanoSurf components can be found in Appendix E

Af response

and water, typically with AM) environments. It can detect a variety of forces, in-
cluding long range electrostatics, Van der Waals and magnetic (requires a magnetic
tip) forces, as well as short range chemical, mechanical contact, indentation, fric-
tion, and capillary forces. The force on the cantilever depends on the tip-sample
potential energy V,,:

Vs

Fiy= =7 (1.1)

Experiments take place under ultra high vacuum (UHV) conditions with highly
doped silicon cantilevers (with an aluminum coating to increase laser reflection).
A typical curve illustrates the expected electrostatic, Van der Waals and chemical
force contributions as a function of tip-sample separation in Fig.1.8. The long range

electrostatic and Van der Walls contributions are always attractive and typically
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approximately calculated assuming sphere-and-plane geometry [36]. The electro-
static contribution to the tip-sample potential is the electric potential difference

(voltage) between them, V.. The Van der Waals component, Vy 41, is calculated

by:

AgR
Voaw = —— ; (1.2)
62

where Ay is the Hamaker constant (a material parameter depending on density
and particle-particle interaction), R is the spherical tip radius, and z is the perpen-
dicular distance between the centre of the nearest tip atom and the plane of the
centres of the flat surface atoms. The short range chemical contributions have an
attractive minimum at the equilibrium bonding distance and then become strongly
repulsive at closer approaches. Chemical forces are usually described by Morse or

Lennard-Jones potentials:

VMorse = _Ebond[2€K(Z7Z0) - 672K(Z7Z0)], (13)
or
Z6 212
Vier = —Fpond2— — —/, 14
-7 bond 25 — 13 (1.4)

where Ej,,q is the chemical bonding energy (or potential well depth), « is a decay
length (or width of the well), and z; is the equilibrium distance between atoms.

The cantilever spring constant, k, is calculated as [36]:

_ Eywt3

W7 (1.5)

for a rectangular cantilever with dimensions width, w, thickness, ¢, and length,

L where Ey is the Young’s modulus (the ration of tensile stress to strain, usually
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given as a material constant and assumes isotropy). The resonance frequency, f, of
a harmonic oscillator (acting as a Hooke’s Law spring where F = -kx and x is the

mass displacement from equilibrium) is given by:

P (1.6)

2\ m’

where m is the effective mass of the oscillator. For a rectangular cantilever, this is

approximated by:
Y

fo = 0162 = (1.7)

where pis the cantilever density [37]. These equations are based on Euler-Bernoulli
beam theory and are approximations that only apply to the first harmonic (nor-
mal) mode of the cantilever moving in the plane intersecting the cantilever axis
(pitch, not roll or yaw). They assume perfect clamping at the fixed (chip) end of
the cantilever. However, the AFM tip is not typically located at the very end of the
beam, and therefore the effective spring constant is increased. This is frequently
neglected and illustrated incorrectly, and it is worth noting that the lever arm only
extends to the loading point (the tip) along the cantilever axis (a person standing
in the middle of a diving board does not dip as far as if they were to stand at the
end - the spring constant is higher closer to the clamped end). Internal damping,
imperfect clamping and beam geometry are all factors that influence real world
cantilever dynamics such that it is difficult to accurately calculate. More complete
models provide better approximations of cantilever motion by incorporating in-
ternal damping and a complex elastic modulus, such as the generalized model of
Rast et al [38].

In dynamic imaging modes (tapping or non-contact), attractive interactions
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Cantilever chip

Figure 1.10: Correct and incorrect lever arm length, L, for spring constant, k, calculation of
a rectangular cantilever

serve to decrease the cantilever resonance frequency (by acting opposite to the
restoring force and decreasing the effective k) and repulsive forces increase it (by
acting with the restoring force and increasing the effective k). The drive signal
sent to the cantilever shaker piezo is maintained at a 90° phase shift relative to the
measured cantilever oscillation in order to minimize the drive signal amplitude
required (and energy dissipated). The frequency shift, Af, has a settling time, 7 ~
1/ fo, and depends on the sum of interaction forces acting on the cantilever as it

sweeps up and down (in Z) near the surface (Fig.1.8) [36]:

Jo

Af=- 2kAT

2w
/ Fis(20 + Acos @) cos 0do, (1.8)
0

where A is the oscillation amplitude, F}; is the tip-sample interaction force, 2, the
cantilever equilibrium position, ¢ is the phase angle and we integrate over one full
oscillation. Sufficiently large amplitudes must be used during imaging to prevent
“snap-to-contact”, which may occur if the tip-sample force gradient exceeds the
cantilever spring constant (or equivalently, if the tip-sample force exceeds the can-

tilever restoring force F = -kA) [33,36]. To avoid confusion in feedback about the
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non-monotonic section of the force-distance curve, imaging frequency shift set-
points are typically chosen on the right hand side of the force minimum, such that
an increase in frequency shift corresponds to an increase in force and a decrease
in tip-sample separation. If the slope of the force-distance curve (force gradient)
is constant over the oscillation range, the frequency shift is approximated simply

by [36] :
fO a}(ﬁts

Af=—gr 5t (1.9)

However, the force gradient varies significantly over the large oscillation amp-
litudes typically used to prevent snap-to-contact (5-7 nm herein), so one must in-

tegrate over the range of force gradients to approximate the resulting frequency

shift [36] :

Af__ﬁ/“ OFs(z —q) VA* — ¢ (1.10)

ok 0z Ay

—a
where g is the instantaneous cantilever deflection.

Fortunately, a lovely approximation known as the normalized frequency shift,
I', can be used to compare tip-sample interactions when oscillation amplitudes are

large compared to the force gradient region [39]:

kA3/2

=5

Af. (1.11)

This is a convenient way to compare interaction strength for cantilevers with dif-
ferent resonant frequencies and spring constants. The normalized frequency shift
approaches a constant value at large amplitudes, and can therefore also be used
to calibrate oscillation amplitude. This is done by sweeping the cantilever drive

signal amplitude, monitoring the change in height, Az, required to keep frequency
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shift constant, and solving for A [36]. It is worth noting that the net force applied
between the tip and sample is not the only important factor when considering tip-
sample interaction. The localized interaction depends not only on the tip-sample
contact area but also on the deformation and shape of the tip (certainly it is more
painful to have ones foot stepped on by a stiletto heel than a flat shoe, even though
the weight of the stepper does not change and the total force applied is constant).
Pressure (force/area) may be a more useful indication of tip-sample interaction,
but in practice is difficult to calculate given the unknown nanoscale features of the
bodies involved, and therefore we make do with normalized frequency shifts.

By sweeping the drive signal frequency (while maintaining a constant drive
amplitude), cantilever oscillation spectra can be mapped (as illustrated in Fig.1.11).
The quality factor (or Q-factor), Q, of a resonator relates its resonance frequency
to the rate at which it dissipates energy during oscillation (damping). It is calcu-
lated by comparing the resonant frequency, fy, with the width of the peak at half
of the maximum total energy value (Af, the full width at half max, FWHM, also
known as the bandwidth). We measure the oscillation amplitude rather than en-
ergy (the total energy is the sum of potential and kinetic energy). The potential

energy stored in the cantilever is calculated as:
1 2
Ep = 5]{7(2’ — Zo) s (112)

and all energy is stored as potential at the maximum amplitude (where velocity
and kinetic energy are zero). Therefore the width of our resonance peak, Af, is
measured at the maximum amplitude divided by v/2 (the full width at root half

max, FWRHM), corresponding to half of the maximum total energy. The use of
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high Q cantilevers increases the force gradient sensitivity (inversely proportional

to /@) [35], with typical sensitivities on the order of 1 pm+v/ H z [36] under vacuum.
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Figure 1.11: Frequency spectrum amplitude and phase resonant response for a better than
typical PPP-NCLR cantilever (typical Q ~10000) in UHV, with the accompanying Q-factor
calculation

KPFM

Kelvin Probe Force Microscopy (KPFM) is an AFM technique introduced by
Nonnenmacher in 1991 [40], which is a scanning probe version of the Kelvin Probe
technique developed in 1932 by Zisman [41], based on the Kelvin Method of meas-
uring the electrostatic force between dissimilar metals invented by Lord Kelvin in
1861 [42].

The generalized principal of KPFM is illustrated in Fig.1.12. When the AFM
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tip is brought close to the surface, the Fermi energies match and charge flows
between the two materials (due to space charge continuity). The resulting off-
set in charge produces an electric field between the tip and sample, accompanied
by an attractive electrostatic force. This force can be negated by applying a voltage
between the tip and sample equal to the difference in Fermi energies (and work
functions) to shift the band-offset back to the original uncharged case. This is gen-
erally accomplished with a conductive tip on a conductive sample, and the applied

voltage is said to equal the contact potential difference (CPD),

Vepp = il ; ¢S, (1.13)

where ¢, and ¢ are the tip and sample work functions and e is the electron charge.
The tip-sample electrostatic force varies parabolically as a function of voltage ab-

out this value,
1dC(z)

s = — AV?Z, 1.14
2 dz ( )

where dC(z)/dz is the (geometry and material dependent) tip-sample capacitance
gradient AV and is the difference between Vi pp and the applied tip-sample bias,
so the zero-force value is also called the contact potential minimum [43]. The electro-
static force may be approximated for a conducting spherical tip and planar sample
according to:

F, = —M, (1.15)

z
where ¢ is the permittivity of free space and R is the tip radius [36].

KPFM may be performed simultaneously during NC-AFM imaging to map

the surface local contact potential difference (LCPD, the physical interpretation of
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Figure 1.12: The standard picture of KPFM operation (after [43]): (a) tip and sample are
separated by a large distance and are not in electrical contact. (b) tip and sample make
electrical contact and charge flows to match Fermi energies, resulting in an attractive force.
(c) Tip and sample are in electrical contact, with tip-sample bias applied to shift bands back
to original offset, Vpc = Vopp, at which point charge offset and force disappear.

values measured are still a subject of some debate, given that the ignored surface
and interface states that may prove important for a sharp tip). Frequency modulated
(FM) KPFM is accomplished by applying an oscillating bias, V4¢, at a modulation
frequency, w, with a DC offset, V)¢, to the tip and using a lock-in amplifier to track
the frequency shift response [44] (amplitude modulation has recently been shown
to suffer from lateral averaging and significant lift-height dependence [45, 46]).
An additional feedback loop (shown in Fig.1.13) is used to determine and set the
DC offset to the value that minimizes the frequency shift component at the Kelvin
modulation frequency, as illustrated in Fig. 1.14. The difference between Vopp and

the applied tip-sample bias is now given by:

AV = VCPD — %S = VCPD — (VDC + VACsin(wt)). (116)
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The electrostatic force becomes:

dC(z)
dz '’

1 )
F., = —§(VCPD — (Voo + Vagsin(wt)))? (1.17)

which may be expanded (using the double angle formula cos(26) = 1 — 2sin?(9))

and divided into three parts:
Fes = Fpc + Fo, + Fa, (118)

1. A DC term that produces static cantilever deflection,

Fpc = 5 i )(<VCPD —Vpe)® + %VACQ) (1.19)

2. An AC term that oscillates the cantilever at the Kelvin modulation frequency

w,

dC .
£ =T ey — Vo) Vacsin(en (1.20)

3. A second AC term that oscillates at twice the modulation frequency,

~1dC(z)

by, =
2 4 dz

Vac?cos(2wt) (1.21)

The corresponding frequency shift measured by FM NC-AFM can be found by
taking a derivative with respect to z (equation 1.8 above), and also divided into

the three components potentially used for feedback:

1. The DC frequency shift term,

dFpe  1d2C(2)
A —
Jpe o dz 2 dz?

1
(Verp — Vbe)? + 5VAC2) (1.22)
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2. The AC frequency shift term that oscillates at the Kelvin modulation fre-

quency w and is used in FM KPFM to measure Vopp,

dF, _dQC’(z)
dz dz?

Af, x (VCPD — VDC)VACSin(wt) (1.23)

3. The AC frequency shift term that oscillates at twice the Kelvin modulation

frequency 2w and can be used for capacitance microscopy,

2
Af2w x dF2w _ ld C(Z)

7 ~2 VVXCCOS(th). (1.24)
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Figure 1.13: Feedback loop for force gradient mode FM-KPFM. Details of the nanoSurf
components can be found in Appendix E

In our setup, highly doped silicon tips covered in native oxide and bulk in-
sulating samples are used with the voltage applied between the tip and sample
holder, illustrated in Fig.1.15. Electric field enhancement occurs at the tip that

depends on the tip apex geometry (that might best be approximated by finite ele-
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ment analysis [47,48]), and the sample holder geometry is shown in Fig.1.19. The
band structure and resulting LCPD measured across such a multi-material setup
becomes difficult to interpret. Conductivities range from high in the metal back
gate and degenerately doped silicon (which essentially acts as a metal), to moder-
ate in semiconducting layers, to low in the bulk insulator and vacuum layers, and
influence where the voltage drops take place. Each interface contains possible sur-
face states, charges and defects which may contribute to electric field screening.
It is probable that the electrostatic force is not compensated to zero everywhere
between the biased tip and sample holder during KPFM, but the use of force gradi-
ents allows us to find the surface contact potential minimum by negating the local
electric field between the tip apex and sample surface (elaborated on below). The
interpretation of the LCPD values measured is difficult, so this technique is qualit-
ative rather than quantitative, but still allows for useful characterization and com-
parison of sample surface properties. Sadewasser et al. proposed that KPFM also
allows the measurement of “true height” by NC-AFM, which might otherwise be
offset by electrostatics [49].

As discussed above, the frequency shift detected by FM NC-AFM is due
to a force gradient. The modulated component of the force gradient detected in
KPFM is electrostatic, caused by an electric field between the tip apex and sample,
produced by an electric charge offset between them. It is not obvious how spatially
localized the charge offset is (depends on tip and sample charge carrier mobilities
and densities, just like the space-charge/band-bending/depletion region of a pn-
junction). Charge carrier mobilities are rather low in bulk insulators such as KBr
and NaCl (on the order of 100 cm?/V s for electrons and near zero for holes due

to “self-trapping” polarons according to the Jahn-Teller effect: Asymmetric local
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lattice distortion occurs more prevalently when band edges are degenerate, and
the valence band is more often degenerate than conduction band. This results in
self-trapped holes for all alkali and silver halides [50]). Ionic solids tend to have
low conductivities, less than 107° (Q2em)~! at room temperature, whereas metals
generally have high conductivity, on the order of 10° (Q2cm)~!, and large numbers
of conduction electrons [50]. Silicon has typical room temperature mobility values
of 1350 cm?/V s for electrons and 480 cm?/V s for holes [50,51], and an intermediate
conductivity of about 1(Qcm)~! when doped to an electron concentration, N, of
10'* (¢m) 3 [51]. In our setup, instead of applying a bias directly to a conducting tip
and sample to shift the band offset, we apply a voltage across the bulk cantilever
and back electrode. In doing so, we may create an electric field between them
across the entire multi-junction that negates the local tip-sample force gradient and
minimizes the corresponding “CPD”. In summary, gradients are key in allowing
us to qualitatively measure local surface properties even with this strange multi-
material biasing geometry.

In dealing with nanoscopic volumes that may be more akin to surface states
than bulk materials, it is also not obvious whether or not tunnelling occurs across
the vacuum gap during NC-AFM imaging between the tip and sample to match
the Fermi energies (some controversy lies here). Not all AFM tips produce de-
tectable KFPM imaging contrast, and imaging quality varies from tip to tip. The
dominant influence of the tip apex has been discussed by Barth et al. and suppor-
ted with theoretical modeling [52]. However, for many tip-sample combinations,
there exists a sufficient tip-sample charge offset and corresponding force gradient

to successfully characterize the surface with KPFM.
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Figure 1.14: A typical static frequency shift - voltage spectrum, Af versus V; illustrat-
ing the parabolic CPD “minimum” (“st” indicates that here the high bias is applied to the
sample instead of the tip) recorded at a point over an island of CuPc on NaCl. Corres-
ponding KPFM signals (tip-sample voltage in green, frequency shift response in purple)
are given for two cases: (a) a 1 V,.,, oscillating bias with 0.7 V DC-offset is applied between
tip and sample (b) the KPFM feedback has successfully set Vpc = Vo pp by minimizing the
frequency shift A f modulated at Kelvin modulation frequency w
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Figure 1.15: Kelvin probe bias voltage applied across a multi-material geometry
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1.3 Experiment

1.3.1 Molecules

3,4,9,10-Perylenetetracarboxylic diimide (PTCDI) is an organic semiconduc-
tor with interesting electronic and optical properties [6-14] (discussed further in
Chapter 4). Copper phthalocyanine (CuPc) is also semiconducting and widely
used as an absorber in photovoltaic applications due to its photovoltaic and pho-
toconductivity characteristics and a hole injection material in OLEDs [49, 53-60].
Both (illustrated in Fig.1.16) are candidate molecules for molecular electronics [4,

5].

Figure 1.16: PTCDI and CuPc molecules (a and d) structure, (b and e) space fill and (c and
f) Van der Waals surface with wireframe overlay (all rendered using Marvin by Chem-
Axon).
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1.3.2 Substrates

Insulating substrates such as alkali halides provide the ability to electrically
isolate deposited structures [61] from the underlying surfaces, facilitating charac-
terization of their electronic properties and prevent leakage currents that might
otherwise hamper device characterization. NaCl and KBr have large band gaps
of ~8.5 eV and ~7.4 eV respectively [62,63], and can easily provide large, clean,
atomically flat terraces because they cleave preferentially along the {100} planes,
an example shown in Fig.1.17. Both have the same “rock salt” crystal structure
and “checkerboard” surface with lattice constants of 0.565 nm for NaCl and 0.660
nm for KBr. Cleaving takes place under UHV to avoid contamination. Interac-
tions with these substrates influence the growth of deposited PTCDI [6]; the neg-
ative oxygen atoms are generally expected to sit over the alkali-halide substrate

cations [13,16, 64].
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Figure 1.17: Cleaved NaCl surface, (a) 1 pm x 1 pm NC-AFM image of an atomically
flat terrace with a single atom-deep step in the top corner, (b) 7 nm x 7 nm NC-AFM
image with atomic contrast on one ionic species, (c) illustration of “checkerboard” lattice
structure.
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1.3.3 Instrument

The surface science of molecule-on-insulator systems has not yet been thor-
oughly studied, in part due to the obstacles in performing scanning tunnelling
microscopy (STM) on such samples. Non-contact atomic force microscopy (NC-
AFM) is a non-destructive, high resolution technique ideal for imaging bulk insu-
lator surfaces [35,36]. NC-AFM has been successfully used to image several sys-
tems of molecules deposited on insulators [65-67]. The primary instrument used
for all experiments herein is the commercial JEOL JSPM 4500A UVH AFM/STM/
SEM system. It is an ultra high vacuum (UHV) system and consists of two primary
chambers: the preparation chamber and the measurement chamber, (Fig.1.18). The
image resolution, noise, sensitivity, drift and stability have been thoroughly char-
acterized by a previous student [68] and will not be repeated here. The UHV en-
vironment (with typical pressure on the order of 1 x10~® Pa) is achieved by baking
the system to ~150°C during the initial pump down with a turbomolecular pump
(Pteiffer TMU 261, backed by a roughing pump), and maintained with ion pumps
and titanium sublimation pumps in each chamber. Samples enter the system th-

rough the fast loadlock and remain under UHV for the duration of the experiment.

Preparation Chamber

The preparation chamber is used to prepare clean alkali-halide substrates
and to deposit molecules, metals and pits. It features a cleaving station, a three-
crucible thermal molecule evaporator (Kentax TCE-BSC), a four-pocket electron-
beam evaporator (Oxford Applied Research), and a quartz crystal deposition mon-

itor (Inficon). It also contains a low energy electron diffractometer (LEED) and
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Figure 1.18: The JEOL JSPM 4500A UHYV system

Auger spectrometer, as well as an ion sputtering gun, which are not generally
used on alkali-halide samples due to charging effects.

Typical sample preparation is as follows: single crystal NaCl or KBr (Korth
Kristalle, Germany) samples are cleaved in situ (sample holder shown in Fig.1.19),
and heated to ~150°C for approximately one hour in a parent holder that contains
a tungsten filament. The molecule evaporator is used to thermally deposit mo-
lecules, generally onto room temperature substrates. PTCDI (Alfa Aesar, 98% pur-
ity) evaporates at approximately 300°C, and CuPc at approximately 350°C, hav-
ing first been outgassed at 200°C overnight. Pits are created by irradiating the
surface with charge using the electron beam evaporator below the evaporation
threshold, at a sample temperature of ~250°C with typical charge doses of 1.2 &

0.1 uC/cm? [46,67]. Gold is also deposited using the electron-beam evaporator.



32 CHAPTER 1. INTRODUCTION

Figure 1.19: (a) Cleaved KBr crystal in JEOL sample holder, (b) two examples of crystal
sample holders placed in parent holders used to transfer sample position

Deposition rates are calibrated using the quartz crystal deposition monitor (as-
suming densities of 1.7 g/cm? for PTCDI, 1.62 g/cm? for CuPc, and 19.3 g/cm? for
gold). Typical molecule deposition rates range from 48 to 96 pm/min, and gold
from 7 to 15 pm/min. Prepared samples are subsequently passed via transfer arm

into the measurement chamber for characterization.

Measurement Chamber

The measurement chamber features a scanning probe setup that may be
configured for either scanning tunnelling microscopy (STM) or atomic force mi-
croscopy (AFM); the latter used here. Beam deflection is used for cantilever os-
cillation detection, shown with the imaging stage in Fig.1.20. It also contains a
scanning electron microscope (SEM) column and detector, a cryostat for sample
cooling with liquid nitrogen or helium (to temperatures of approximately 80 K or
30 K respectively), a single-crucible molecule evaporator (modified Kurt J. Lesker,
described in Appendix B) and windowed optical access (see also Appendix D).

Samples in the imaging stage may be illuminated during characterization, as pic-
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tured in Fig.1.21

Figure 1.20: (a) sample imaging stage (b) close-up of blue rectangle area with simplified
laser deflection path indicated

Figure 1.21: Sample in imaging stage illuminated with (a) white LED light and (b) blue
laser light (473 nm 50mW max Melles Griot)

Typical sample characterization is as follows: samples are imaged by NC-
AFM using a modified nanoSurf easyPLL with distance control for constant fre-
quency shift topography mode. Nanosensors cantilevers (PPP-NCLR) with typical
resonance frequencies of 160-170 kHz, spring constants of ~40 N/m, and oscilla-

tion amplitudes of 6-7nm are used (cantilever holder shown in Fig.1.22). KPFM is
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done by applying an oscillating bias with a DC-offset to the cantilever using a lock-
in amplifier (Princeton Applied Research 5110) with DC values from -10 to 10 v,
modulation frequencies of 800-1000 Hz, and oscillation amplitudes of 0.7-1.2 V,,,.
AFM image sizes generally range from 5 nm to 2 ym. For all microscopy images
presented in this thesis, the fast raster scan direction is approximately along the al-
kali halide [100] direction and the slow scan direction is approximately along the
[010] direction (typically with a slight rotation of 5-10° counterclockwise, caused
by sample positioning, as shown in Fig.1.17) and Fig.1.19). The SEM is used to col-
lect larger scale images on the order of ;m to cm, and may be used to precisely po-
sition cantilevers over samples, as illustrated in Fig.1.23 The SEM, similar to LEED
and Auger, is not typically used on alkali-halides for more than brief periods of
time and at low magnifications to minimize the creation of undesired sample pits

and charging.

Cantilever
Chip

Excitation
Piezo

Figure 1.22: Cantilever in JEOL AFM cantilever holder, held in place and electrically con-
tacted by top spring clip and excited by white piezoelectric element. Ordinary and gold
coated cantilever chips shown beside holder
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7)

Figure 1.23: Use of the SEM to precisely position cantilever over sample: (a) labeled il-
lustration of sample holder containing cleaved KBr sample as imaged by SEM in (b), (c)
labeled illustration of KBr sample prepared with deposited Au contact pads and contact
clips attached, using SEM to position the tip in the gap sample as shown in (d)
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Molecular Dewetting

THIS CHAPTER IS BASED ON:

J.M. Topple, S.A. Burke, S. Fostner and P. Grutter, Thin film evolution: Dewetting dynamics

of a bimodal molecular system. Phys. Rev. B, 79(20), 205414, (2009)

2.1 Growth

Bimodal growth systems exhibiting dewetting between two-dimensional
(2D) and three-dimensional (3D) morphologies have been observed previously
[16,69-73]. The dewetting scenario is consistent for all bimodal and multimodal
systems: atoms or molecules must overcome a potential energy barrier to reach
the most stable state (the minimal free energy), and are limited by kinetic factors
such as temperature and physical barriers (steps). This type of process, in general,
is akin to other coarsening scenarios such as Ostwald ripening in that the growth
process is competitive. Stable islands grow at the expense of metastable islands
through mass transport driven by the minimization of the global free energy.

The analysis which applies to atomistic processes [24-26] of this nature can
also be applied to describe the dynamics of molecular dewetting. Thurmer et

al. [70] concluded that the transitional morphologies observed for Ag on Si(111)

36
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were influenced by substrate step density, annealing time, and temperature. These
atomic systems are in many ways analogous to the molecular case. Bimodal gr-
owth has also been observed for molecular systems [16,73] but the dynamics of
the dewetting transition have thus far not been characterized. Kowarik et al. con-
cluded that organic materials have 3 additional issues which may alter growth

behaviour and epitaxy as compared to that for inorganic materials [74]:
1. Internal degrees of freedom (vibrational, conformational and orientational)

2. Molecule-molecule and molecule-substrate weak van der Waals force inter-

actions
3. Interaction potentials with surroundings spread over a large area.

3,4,9,10-Perylenetetracarboxylic diimide (PTCDI) is an organic semiconduc-
tor with interesting electronic and optical properties [6-14], similar to the well
studied 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) [75,76]. The crys-
talline structures of both molecules are influenced by hydrogen bonding between
molecules; PTCDA anhydride groups tend to form hydrogen bonds to the pery-
lene core edges while PTCDI N-H groups form hydrogen bonds to oxygen atoms
of neighboring molecules [12], leading to the formation of different crystalline
structures for the two very similar molecules.

The substrate also influences the growth of both PTCDA and PTCDI [6],
and in the case of alkali halides the negative oxygen atoms are expected to sit over
the substrate cations [13, 16, 64]. Insulating substrates are an advantageous choice
on which to build “proof of concept” molecular electronic devices, providing the
ability to electrically isolate the device from the underlying surface [61]. However,
the surface science of molecules on insulators is not well understood, and there-

fore we attempt to obtain a more complete understanding of interactions between
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organic molecules and insulating substrates with NC-AFM.

The bimodal growth of PTCDI on NaCl is an interesting case in that one
may observe in detail the dewetting transition over the course of days at room
temperature. Other multimodal systems generally either dewet on much faster or
slower time scales. Systems such as Cg, on NaCl [66] show evidence of dewett-
ing but evolve too quickly to observe metastable structures at room temperature.
Many other systems must be annealed to provide the additional energy to observe

dewetting on a reasonable time scale [16,69-73].

2.2 Experimental Procedures

Preparation and characterization of samples took place in the JEOL JSPM
4500A UHV AFM system. Single crystal NaCl samples were cleaved in situ and
heated to ~150°C for 1 h. PTCDI molecules (Alfa Aesar, 98% purity) were thermally
deposited at 300°C onto room temperature substrates, having first been outgassed
at 200°C overnight. Deposition rates were calibrated using a quartz crystal mi-
crobalance and ranged from 0.008 to 0.015 A/s. Samples were subsequently im-
aged by NC-AFM. Nanosensors cantilevers (PPP-NCLR) with typical resonance
frequencies of 160-170 kHz, spring constants of ~40 N/m, and oscillation amp-

litudes of 6-7 nm were used.

2.3 Epitaxy

Images taken within a few hours of deposition reveal two coexisting mor-

phologies: needle shaped islands comprised of multiple layers of PTCDI with
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edges at an angle of 16 £ 1° relative to the NaCl <110> directions, and square sha-
ped, 1-2 layer islands aligned with the <100>, shown in Fig.2.4. The two shapes
are associated with different epitaxies (discussed further below). Images with mo-
lecular resolution of the PTCDI and atomic resolution of the underlying NaCl were

used to determine the structure of each island type, illustrated in Fig.2.1.

2.3.1 Square Islands

The square shaped islands are usually comprised of a single layer of PTCDI,
with individual molecules oriented along the NaCl <011> directions (two possible
orientations). Based on the image in Fig.2.1a, we propose a (2x2) brick wall struc-
ture with each molecule in equivalent position with respect to the substrate, illus-
trated in Fig.2.1c. A stable second layer occasionally forms provided the island
area is large enough (> 400 nm?), but is often observed to be transient. Molecules
in square islands are highly mobile and therefore difficult to image. This indic-
ates that they are less energetically favorable than needle islands, which sustain
imaging frequency shifts on the order of -20 Hz (normalized frequency shift of -3

fN+/m) without alteration.

2.3.2 Needle Islands

Needle shaped islands have been observed exclusively with heights of two
or more layers. The nucleation of 3 needle islands beginning with bilayers was
captured in a sequence of NC-AFM images (see Appendix A), demonstrating a
minimum of two layers required for the needle-phase to exist. Needle islands

nucleate preferentially at defects and step edges, a behavior described previously
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Figure 2.1: (a,c) Molecular and atomic resolution images of (a) a 1 ML square island of
PTCDI on NaCl, Af = -15 Hz, and (b) a multilayer needle island of PTCDI on NaCl, Af =
-24 Hz. Large and small inset regions of PTCDI and NaCl respectively have been flattened
and adjusted for contrast to make the structures more visible using WSxM [77]. (c) (2x2)
brick wall square island structure. (d) Needle island structure (top layer of molecules only

shown for clarity).
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for stable Cg islands on KBr [66]. The more densely packed crystalline structure
of the needle islands resembles those determined for PTCDI on a variety of other
substrates as well as the bulk (102) plane [6-14]. However, the bulk (102) is slightly
corrugated with slightly smaller lattice parameters than the flat-lying structures
typically observed on surfaces [5]. Lattice parameters determined from molecular

and atomic resolution images for both needle and square islands are given in Table

2.1.

Structure | by (A) by (A) 0¢) | 5
Square 11.3+£041109+08| 1£3 |93 +4
Needle 132+031165+04|129+1|90+£2

Table 2.1: Square and needle island structure parameters

2.3.3 Overlayer Epitaxy

The lattice vectors of an adsorbed species may be related as a linear combin-
ation of the underlying substrate lattice vectors (illustrated in Fig.2.2) by a trans-
formation matrix, [C] [5]:

by ai p g |a
| =1C] = : (2.1)
ba a9 r s| |as
where the a,, are the substrate lattice vectors (taken as exactly 0.565 nm on NaCl
and 0.660 nm on KBr with angle o = 90° ) and the b, correspond to the molecular

island lattice vectors given in Table 2.1.



42 CHAPTER 2. MOLECULAR DEWETTING

of\o(\o o(Nogo(oL0

b): o (@ e @
(\o o( 06 o6 ( )00

|EedeCs¢ 203C2CEC0

(%
(@IAY] ”
0.0 S

oOo”\oO

‘ o 5 el

‘ é@fﬁ" 608080 Qcﬂo )

| e@®e® o(\of\oOo(\o“o
Figure 2.2: (a) The seven parameters used to describe an epitaxial interface, illustrated for
an alkali halide substrate (green and pink) with an arbitrary molecular overlayer (blue).

(b) The (2x2) structure observed for square shaped islands on NaCl. (c) The needle island
structure with red molecules indicating the superstructure observed on NaCl in Fig.2.3

We interpret the square shaped island epitaxy as simply:

[quuare] = 5 (22)

which may be given in terms of Wood’s notation as (2x2). Because every over-
layer lattice site coincides with a symmetry equivalent substrate lattice site, it is
considered commensurate [5].

The needle island epitaxy is more complicated. The transformation matrices
relating the epitaxy of needle islands of PTCDI on NaCl are calculated from the

measured lattice parameters as:

2.04+0.05 1.13+0.04
[CneedleNaCl] = . (23)
—1.42+£0.10 2.5540.06

This overlayer structure is not commensurate, since molecules sit over a variety
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Figure 2.3: 15 nm x 15 nm, Af = -20 Hz image of the top of a 3 layer tall needle island, with
bright molecules circled to highlight periodicity. The opposite canting of adjacent rows is
also visible, as illustrated in Fig.2.1d.

of different substrate lattice sites. Because only one of the matrix coefficients is
an integer within error, the long range ordering of the overlayer structure is not
immediately apparent. However, the observation of a Moiré pattern, such as in
Fig.2.3 suggests that registry with the substrate lattice exists. Although the film
is not commensurate, it may be coincident [5]. According to the terminology of
Hooks et. al., it is most likely coincidence-II [5].

If a superstructure exists, molecules should be in equivalent position with
respect to the substrate at points separated by some integer multiples of both the

b, and d;,. The bright spots in Fig.2.3 correspond to:

= : (2.4)
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Or an equivalent unit cell can be defined with the same area, for example:

$i 3 3| |b
= ue (2.5)
S_é -2 3 b2
Taking the first option and using our transformation matrix [C] to find the

superstructure in terms of the a,,, we find:

s 102402 61402 |a
- . (2.6)
$ 19403 11.14+02| |a

These correspond to integer values within error. We also note that other su-
perstructures may exist as a result of strain relaxation in upper layers, or different
needle islands may have slightly different structures with respect to the substrate.

Modelling is needed to determine the energetically most favourable structure and

if other structures with similar energies exist.

2.4 Dewetting

At room temperature, the metastable square islands shrink and disappear
within days of deposition, while the stable needle islands grow larger, as illus-
trated in Fig.2.4. Other images were taken well outside of the consecutively im-
aged area to ensure that the NC-AFM tip did not influence the dewetting dynamics
and indeed showed the same dewetting progress, shown in Fig.2.5. Needle is-
lands grow in both height and area, and tend to elongate rather than widen. This

anisotropy is expected, given the hydrogen bonding that typically causes PTCDI
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molecules to form rows. The square islands of PTCDI on NaCl are comparable
to the “metastable 2D islands” of Au observed on SrTiO5(001) by Silly and Cas-
tell [72], the “transitional morphologies” of Ag on Si(111) [70] described by Thur-
mer et al. [70], as well as the metastable ML p(3 x 3) structure of PTCDA molecules

on NaCl reported by Burke et al. [16], all of which dewet upon annealing.

24.1 Evolution of Island Populations

The population of molecules in each island type was calculated from the
measured volumes and density calculated from the lattice constants determined
above and a measured needle interlayer spacing of 0.315 + 0.015 nm (assuming
the same interlayer spacing for the square structure, a reasonable assumption for
perylenes [7]).

Pisltype = hisltypenmolec E Ai8l7 (27)

where P, is the number of molecules in each island type per image, Bisltype is
the average island height for each type per image, 7,0 is the molecule number
density and A;; is the area of each island. The resulting populations were plotted
as functions of time and fit as shown in Fig.2.4h. Error bars represent one standard
deviation of population per island type per image (propagated from measurement
uncertainties of height, density and island area), and are particularly large in the
needle island case due to the distributions of component measurements, for ex-
ample variations in needle island height (some islands straddle multiple terraces
and/or have incomplete upper layers).

An empirical fit was used to quantify the timescale of the dewetting trans-

ition. The growth function found to best fit the data for the needle (stable) islands
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Figure 2.4: Post-deposition growth of needle islands and the disappearance of square is-
lands over time. (a-d) 770 nm x 770 nm, Af = -2 to -4 Hz, 0.3 ML PTCDI on NaCl images
and corresponding time since deposition, with both square and needle shaped islands
visible. (e) Differential concentration of 2D molecular gas (molecules/nm?), (f) area of ex-
posed NaCl substrate, (g) differential population of 2D molecular gas (population less an
unknown steady state offset), and (h) population of square and needle islands plotted as
functions of time, with monomolecular growth and decay fits.
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Figure 2.5: 770 nm x 770 nm NC-AFM images verifying that dewetting is not tip-induced:
(a) taken at elapsed time 770 min in movie spot, (b) at 877 min hundreds of nm away;, (c)
elapsed time 1208 min. Circles indicate areas in which square islands are present.

is that of monomolecular growth, which is generally used to describe growth of
biological systems [78]. This function assumes that the growth rate of a particle (is-
land) is proportional to the difference between the current and final size which is
consistent with a finite number of units (molecules) in the system. As the particle
size increases the growth rate slows due to the reduction in available resources
from the background concentration field.

ar 1

== (P P), (2.8)
where P is the current population of molecules (size of the island), 7 is a time
constant 7 > 0, and P, is the final population of molecules in the island. Consid-
ering the stable islands as sinks for the background concentration field, the right
hand term can also be considered a flow of molecules into the island: the change

in island size corresponds to the number of molecules that arrive and attach in a

characteristic time. In this way, the time constant 7 encapsulates both diffusion
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and attachment parameters. This solves to the growth function:
P=P,—6er, (2.9)

where ¢ is the difference between the initial and final populations (P, — P,).

An analogous decay function was fit to the square island population:
P=Per, (2.10)

which similarly illustrates the flow of molecules out of these islands.

Island Type | Needle | Square

P (x10°) 50+9 0

P, (x10°) 6+7 48 +8
7(min) | 500 = 200 | 220 + 10

Table 2.2: Fit parameters for monomolecular growth/decay of needle/square islands of
0.3 ML PTCDI in 770 nm x 770 nm area.

The fit parameters for both island types are given in Table 2.2. P, and P, are
the initial and post-dewetting island populations, but the time constant 7 provides
some quantitative insight into the dynamics of dewetting and could be used for
comparison with modeling. 7neede and Tsguqre reflect the net capture rate of mo-
lecules into the needle islands and the net escape rate out of the square islands
respectively. The diffusion constant, coverage, step density, geometry, and stick-
ing probability for different island edges are all factors which will affect 7. The
rate of dewetting is expected to be tuneable by adjusting experimental parameters
such as temperature [16] and substrate preparation to induce desired film beha-
viour (explored in Chapter 3) . An independent data set with significantly lower

step density and 0.2 ML coverage was observed to dewet with just over double
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the above 7 values (shown in Fig.2.6 and Table 2.3) and produced considerably
larger islands, demonstrating the combined influence of substrate structure and
coverage. Due to the predominant nucleation of needle islands at step edges, the
dewetting process is dependent upon the initial state of the sample and is highly
sensitive to substrate structure. Substrate areas with high step density tend to con-
tain many small needle islands and dewet quickly, while areas with low step dens-
ity tend to slowly form fewer, larger islands as dewetting is limited by diffusion
and nucleation site density. The influence of these parameters on the timescale for

dewetting is a subject of future interest.

Island Type | Needle | Square

P (x10°) | 79+0.2 0

P, (x10°) 02+£02 | 91+£06
T(min) 1180 4+ 60 | 480 + 20

Table 2.3: Independent data set fit parameters for monomolecular growth/decay of
needle/square islands, 0.2 ML PTCDI in 400 nm x 400 nm area. The 7 values for this
data set are just over double those for the main data set, which had a higher coverage (0.3
ML) and step density. The ratio of Tnecdic tO Tsguare is consistent (~2.5) for both data sets

The observed dynamical behaviour of PTCDI dewetting is similar to that re-
cently reported by Kaéfer et al. for pentacene on SiO; and gold [79]. The transition
from the “thin film phase” of pentacene to a bulk-like phase was monitored dy-
namically by x-ray photoelectron spectroscopy measurements of the covered and
bare surface areas. The surface area covered with pentacene, i.e., the total integ-
rated base of all islands, was found to fit well to a sigmoidal Weibull function wh-
ich transitions from the initial covered area to the final covered area exponentially.
Although the time constants found in that study differ by approximately an order
of magnitude (likely a result of faster diffusion of pentacene on SiO; and gold than

the larger PTCDI on NaCl), the dynamical behaviour is strikingly similar.
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Figure 2.6: (a and b) 400 nm x 400 nm NC-AFM images (3D rendered to show texture)
illustrating (a)“before” and (b) “after” dewetting of an independent data set, 0.2 ML of
PTCDI on NaCl under RT and UHV conditions, elapsed time ~ 5 days, Af ~ -4 Hz. (c)
Island populations as a function of time. Note how the total island population dip and
subsequent increase described in the main body of the paper are verified. The main data
set provides a better sampling of the population as it encloses a larger area and includes

many of each island type, whereas this data set contains only a single needle shaped is-
land, but the trend is clear.
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2.4.2 2D Molecular Gas

If the flux of molecules out of the square islands equals the flux into the
needle islands (steady state), then 7 should be the same for both fits and they
should sum to a constant (assuming negligible desorption at room temperature).
This is not the case (as verified by the independent data set, see Fig.2.6). Since 7
is shorter for the square islands and, as they dewet, additional NaCl surface area
is exposed, we propose that the lost population of molecules go into another state,
diffusing over the surface in the form of a 2D molecular gas [80] faster than the
AFM is able to image.

To support the assumption that the AFM is unable to image diffusing mo-
lecules we use the lattice gas model and assume a low 2D gas density such that mo-
lecules move by thermally activated hopping between adjacent sites at frequency
v [67]:

Ep

v =1pe FBT, (2.11)

where 1 is the attempt frequency, E)p is the diffusion barrier, kg is the Boltzmann
constant and T is the temperature. Taking estimated values of 1, = 10'* Hz [67,81],
Ep = 0.4 eV [82] and room temperature, we calculate a hopping frequency of v =
2 x 10° Hz. The probability of a molecule remaining on the same site for time ¢
is [67]:

P=c, (2.12)

and taking a typical AFM scan speed of 1.67 ms per pixel as ¢, we find a vanishingly
small probability of a 2D gas molecule resting long enough to image for even a
single point.

One must now consider 3 fluxes: the capture rate for square islands (which
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becomes negative after deposition), the capture rate for needle islands, and the
flux in and out of the 2D gas. The sum of the three populations of molecules can
be written as:

PTatal = PNeedle + PSquare + P2Dgas- (213)

To account for the initial decrease and subsequent increase in total island popula-

tion, consider that:

P2Dgas = CZDgasANaCh (214)

where cypg45 is the 2D gas number density or concentration, and Ay, is the area
of exposed NaCl substrate. This neglects the population of molecules diffusing
on the islands (which should be reduced given the energy cost of interlayer mass
transport [26,83]).

The time evolution of the 2D gas population is shown in Fig.2.4g. Taking
the measured differential population of the 2D gas and exposed area of the NaCl
(see Fig.2.4f) as the area in which this population resides, the differential 2D con-
centration can be calculated as a function of time (see Fig.2.4e). An undetermined
offset may also be present. The decreasing number density of the 2D gas reflects a
concentration field which is not constant with time, but rather becomes depleted
as molecules are incorporated into the stable needle island population and fewer
molecules are supplied by the square islands. Pspg.s initially increases as more
Anqci is exposed by dewetting, then decreases with capges as Anqacr approaches a
constant (see Fig.2.4g). This differs with other models of ripening behaviour wh-
ich usually consider a constant concentration field. This is also consistent with the
observation that no significant further ripening of the needle islands is observed

after the total consumption of the metastable island population.
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2.4.3 Evolution of Island Size Distribution

The use of a scanning probe technique also allows for an analysis of the
size distribution of the islands and how these evolve with time. Fig.2.7 shows the
island volume distributions of the square and needle islands at different times.
The square islands decrease in both size and number, as can be seen from the
histograms which shift towards smaller island volume. The needle islands both
grow in size and have increasingly broad distributions. At longer times, the needle
islands also appear to exhibit a large size tail which is atypical of processes such
as Ostwald ripening.

Several factors may influence the observed size distribution evolution. In
typical coarsening scenarios, the background concentration field is assumed (a)
constant, and (b) homogeneous. As shown for the dewetting process observed
here, the concentration field feeding the growth of stable needle islands decreases
with time, limiting the growth process. The needle islands act as sinks (with higher
stability and higher sticking probability) and the square islands act as sources
(with lower stability and therefore higher molecule escape probability). Close
inspection of the images reveals that the square islands closest to the needle is-
lands dewet faster than those farther away, resulting in clusters of square islands
of which the edge islands shrink and disappear first, creating depletion regions
(see Fig.2.4 and Fig.2.6). If the cluster of square islands is large, edge islands may
also appear to retreat from the needle islands (see Appendix A). Shrinking indic-
ates that the net flux of molecules out of a square island is greater than the flux
in, and retreating indicates that the flux of molecules in and out of an island is
not isotropic. Since all sides of the square islands are crystallographically equi-

valent (see Fig.2.1c), a difference in flux indicates a difference in the local 2D gas



54 CHAPTER 2. MOLECULAR DEWETTING

(a) - o
BF o t=173 min
30 - < t=472 min
w . ©O < t=1219 min
25 2
kS| I
o r
5 20 :-9 o o
Bisp  ©
E }7 i
S10F o /
= o 00
51 gé % 8 )
. . o
0 3
island volume /nm
(b) 7

- (o} t=173 min
6 2 ° < t=472 min
< t=1219 min

number of islands
w H (§)]

\S]

0 - - i L n ax 2 L A N A, 2
6000 8000 10000

island volume /nm?3

Figure 2.7: Island volume histograms of (a) square (metastable) islands and (b) needle
(stable) islands for three different times. Solid lines in (b) are fits to a gaussian with an
exponential tail and are intended only as a guide to the eye.
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number density. In other words, this indicates that the 2D gas number density
is lower near the growing needle islands and higher among clusters of the meta-
stable square islands. Under this interpretation, the steady-state 2D gas number
density required to maintain a constant square island population (independent
of any Ostwald ripening which might occur within this population) would be
higher than that for a constant needle island population; hence the bimodal sys-
tem dewets. The difference in time scales between the disappearance of square
(metastable) and growth of needle (stable) islands supports the supposition that
the background concentration field is inhomogeneous.

We also observe that the needle islands do not grow isotropically, but rather
have different growth rates in each dimension, growing fastest in length: di/dt >
dh/dt,dw/dt. An added complication in analyzing the size distributions of the
needle islands arises from the tendency for these islands to nucleate at steps or
other defects. Ideally, the dewetting process would be studied on a perfect flat
crystalline terrace so that the homogeneous growth of the needle islands would
not be influenced by adjacent islands. However, due to the surprisingly large dif-
fusion length observed for PTCDI on NaCl, as with other molecules on alkali hal-
ides [16, 66], needle islands are always heterogeneously distributed at step edges
or other defects, which act as traps [25] and may result in non-negligible spatial
correlations between neighbouring islands. For example, adjacent needle islands
in similar orientations occasionally coalesce, but growth towards a perpendicular
neighbouring island has been observed to cease before coalescence can occur (see

Appendix A).
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2.5 Summary

Bimodal growth and post-deposition dewetting of PTCDI on NaCl have
been observed. Molecules diffuse out of metastable square islands to join more
energetically favorable needle islands over time. We find that the dynamics of this
transition are empirically well described by the monomolecular growth model,
which is anticipated to be applicable to bimodal systems in general, though the
dewetting timescale may vary significantly. The dynamics of dewetting quanti-
tied here are expected to be tunable via experimental parameters (such as tem-
perature, substrate preparation, etc.), which can also impact the resulting growth
structures. The characterization of the influence of these factors is a subject for
continued exploration. Comparative modeling, such as within a Kinetic Monte
Carlo framework [84, 85], is required to discern the effect of kinetic factors and
individual molecular scale processes on the overall growth dynamics, for which
this quantitative analysis provides a basis. The characterization and understand-
ing of this dynamical evolution is an important step in controlling the structure of
thin organic films for nanoscale devices which are sensitive to the nanoscale film

structure.



3

Tailoring Morphology

THIS CHAPTER IS BASED ON:

J.M. Topple, S.A. Burke, W. Ji, S. Fostner , A. Tekiel and P. Grutter, Tailoring the Morphology

and Dewetting of an Organic Thin Film. J. Phys. Chem. C, 115(1), 217-224, (2011)

3.1 Morphology

The morphology of thin films in organic electronic devices is a crucial para-
meter, as film structure has a strong influence on application relevant proper-
ties [4, 5,46,86-88]. Film morphology can be controlled to some degree by gr-
owth conditions [2,16], but post-deposition dynamic processes such as dewetting
(Fig.3.1) and other forms of ripening can alter the film structure and resulting prop-
erties [16,69-73,89-92], potentially leading to problems with device stability and
functionality.

Recent interest in organic semiconductors has motivated research on a vari-
ety of organic materials for electronic and optoelectronic applications [1-3, 88].
Perylene derivatives are one such class of organic semiconducting molecules wh-
ich are easily modified [6-15], and this chapter will continue our investigation of

the controlled growth of 3,4,9,10-perylenetetracarboxylic diimide (PTCDI). Thin
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0.4 ML

0.2 ML

Figure 3.1: Dewetting of PTCDI on NaCl for two coverages with elapsed times (minutes)
since deposition. All images 600 nm x600 nm, Af = (top row) -3.7, -2.2, -4.0 (bottom row)
-1.9, -2.4, -3.9 Hz; corresponding normalized frequency shifts I' = -0.5, -0.3, -0.6 and -0.3,
-0.3,-0.6 fN/m

films of a range of organic molecules have been studied on many different sub-
strates (see recent reviews [4, 5] and references therein). A variety of thin mo-
lecular films deposited on insulators have been successfully imaged using NC-
AFM [15,65-67,93-96]. Such studies address the question of which structures and
growth modes occur and why, prompting the next question: Can we control the
result?

Controlling and tailoring the structure of organic thin films, as well as the
maturation time to reach a stable device-ready film structure is a desirable abil-

ity. This chapter explores control over thin film morphology by adjusting growth

parameters such as temperature and by varying substrate structure in three ways:
1. Templating with pits

2. Templating with gold nanoclusters
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3. With use of two different alkali-halide substrates.

When deposited on room temperature NaCl (001), PTCDI molecules undergo post-
deposition dewetting in a dynamic process described in Chapter 2, [91]. Heat-
ing can induce enhanced Ostwald ripening within a molecular island popula-
tion. By selectively distributing nucleation sites for island growth (in Volmer-
Weber thin films), the resulting film morphology and homogeneity may be altered.
Alkali-halide substrates templated with monolayer deep rectangular pits (created
by charge stimulated desorption of the surface prior to molecule deposition), have
been used in previous studies [67,95,97,98] as traps for molecules and to promote
the formation of molecular structures that may otherwise be unstable or meta-
stable. Gold deposited on KBr has been observed to form nanoclusters [99-101]
and the effect of these nanoclusters on subsequent deposition of molecules has
been explored [102,103]. The structure of the interface between metal clusters and
a molecular layer is of general interest for organic electronic and optoelectronic
contact geometry properties [104-106]. Here the impact of templating, as well
as surface structure and other growth parameters on film growth behaviour and
morphology are shown to provide means of tailoring of island dimensions and
subsequently film continuity, homogeneity and surface area for films of given cov-
erages. This will consequently affect optoelectronic and other size and structure

dependent properties [4,5,46,86-88].

3.2 Growth on Atomically Flat Alkali-Halides

When deposited on NaCl (001) at room temperature, PTCDI molecules ini-

tially form two coexisting island growth structures: square-shaped islands and
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needle-shaped islands. The metastable square islands dewet into the stable needle
islands within days of deposition (see Fig.3.1), as escaping edge molecules diffuse
away and join more energetically favourable sites. The dynamics of dewetting
of PTCDI on NaCl was described previously, and here we explore experimental
factors that can be used to control thin film morphology and enhance or inhibit
dewetting.

In contrast, PTCDI deposited on KBr does not form square islands at room
temperature, and has been exclusively observed to form stable needle-shaped is-
lands similar to those found as the stable structure on NaCl (see Fig.3.2). KBr and
NaCl share the same crystal structure, with different lattice constants of 0.660 nm
and 0.565 nm respectively. The molecule-substrate interaction is dominated by
the electrostatic interaction between the O atoms in C=O groups of PTCDI and
the Na/K cations on both substrates. The metastable square-shaped island brick-
wall structure that forms on NaCl is mediated by this molecule-substrate interac-
tion, with the intermolecular spacing corresponding to the length between two Na
cations (with 3 lattice periods between them) [91] like the p(3x3) structure that is
formed by a similar molecule, PTCDA when deposited on NaCl [16]. Conversely,
the stable needle-shaped island structures that form on both NaCl and KBr are
dominated by molecule-molecule interactions and more closely resemble the bulk
crystalline structure [91], forming canted rows due to hydrogen bonding between
N-H end groups and the oxygen atoms of adjacent molecules [12]. The lack of
formation of square-shaped islands on KBr is likely caused by the subtle differ-
ence in substrate structure, rendering the metastable square island structure that
forms on NaCl unstable and unable to form on KBr.

Needle islands on NaCl are generally 2 to 3 molecular layers taller than
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Figure 3.2: 600 nm x600 nm images of PTCDI on KBr (a-d) and NaCl (e), films consisting
exclusively of needle islands. (a) 0.2 ML, Af=-2.0 Hz; I' =-0.3, {N/m; (b) 0.4 ML deposited
in 2 subsequent depositions of 0.2 ML, on the same sample show in (a), Af =-2.8 Hz; I’
= -0.4 fN/m; (c) the sample show in (b) after gentle heating overnight at ~150°C, Af =
-3.2Hz; T' =-0.4 fNy/m; (d) 0.4 ML deposited in a single deposition, Af =-3.1 Hz; I" = -0.4
fN/m; and (e) 0.2 ML PTCDI on NaCl heated to ~175°C during deposition, note the high
step density Af =-2.0 Hz; " = -0.3 {Ny/m

those grown on KBr (discussed further below and summarized by Fig.3.3), and
are otherwise similar in appearance, size, structure and stability under high resol-
ution imaging conditions. The difference in height may be due to height depend-
ent strain [46,83], or may be a result of the differing substrate interactions that
accommodate a metastable structure only on NaCl. Additionally, needle islands
on both substrates have been observed exclusively with heights of 2 monolay-
ers (ML) or more. Molecule-molecule interactions appear to mediate the growth
and islands form a bulk-like crystalline structure, despite the substrate lattice mis-
match. The mismatch may still induce some strain, but the interface structure of a

multilayer island must be determined by methods other than AFM. PTCDI films
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deposited on NaCl can evolve for days after deposition before producing a stable
film, and needle islands are always pinned to defects. On KBr, molecules readily
form needle-shaped islands with apparently less selectivity over the surface posi-
tion. As a general result, shorter, more densely packed needle islands form on KBr

than are observed post-dewetting on NaCl for the same coverage of molecules.

3.2.1 Nucleation: The Importance of Defects

Needle-shaped islands of PTCDI on NaCl nucleate at defects (such as sub-
strate step edges, kink sites and adsorbates) and are subsequently pinned to the
nucleation site [91], similar to behaviour observed by others for Cg, [66], DiMe-
PTCDI on KBr (001) [15,107] and Co-salen molecules [92]. Substrate step dens-
ity has an important effect on the resulting film morphology, as needle islands
tend to decorate step edges. PTCDI demonstrates interesting step preferences on
both NaCl and KBr substrates, some of which may be observed in Fig.3.1 and
Fig.3.4. NaCl and KBr cleave preferentially along the {100} planes to maintain
charge neutrality [108-110], and step edges in Fig.3.4 that appear to be along
the [110] direction are probably actually comprised of small < 100 > edges with
kinks [111-113] (however, this remains to be experimentally verified and corrob-
orated with theory. Surface step edge structure in alkali-halides is surprisingly
unstudied and difficult to predict, given the non-equilibrium nature of formation
under UHV where dynamic surface adsorption-desorption relaxation mechanisms
are not at play [114,115]. This problem may be best addressed by a stress-induced
materials failure approach such as random walk crack propagation [116,117] but
has received little attention since the 1970’s). Needle-shaped islands of PTCDI on

KBr are occasionally observed in the middle of terraces, but preferentially nucleate
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Figure 3.3: Post-dewetting needle island average length, width, height and population per
island with standard deviations for varying coverages and substrate structures. Standard
deviations are indicative of broad distributions from variation between islands, not meas-
urement uncertainty. Uncertainty on individual island measurements generally ranges
from approximately 3% for large islands to 12% for small islands.”A-” and “H-" indicate
samples that were annealed after growth or heated during molecule deposition respect-
ively.
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Table 3.1: Post-dewetting needle island average length, width, height, area, volume and population per island with standard
deviations for varying coverages and substrate structures. Note: Standard deviations are indicative of broad distributions
from variation between islands, not measurement uncertainty. Uncertainty on individual island measurements generally
ranges from approximately 3% for large islands to 12% for small islands. “A-" and “H-" indicate samples that were annealed
after growth or heated during molecule deposition respectively.

Experiment [ (nm) w (nm) A (nm) A (nm?) V (nm?) n (molecules)
0.2 ML (NaCl) 17060 37+9 25+1.0 5300+1900 130004 6000 38000 + 17000
0.4 ML (NaCl) 13070 33+£10 2.1+09 4300+2000 7400 + 5000 22000 4+ 15000
0.2 ML (KBr) 150 +100 31+9 15403 5000+ 4400 7500 + 6400 20000 4+ 17000
0.4 ML (KBr) 170 + 70 35+9 14405 6100+ 3500 7600 + 4100 20000 4+ 11000
0.2+0.2 ML (KBr) 190+£70 45+9 14+05 8500+4700 120004 7000 31000 + 17000
0.2+0.2 ML (A-KBr) 240 +£140 44 +12 514+44 94004+ 5900 42000 + 33000 109000 + 86000
0.4 ML (H-NaCl) 200+£100 60+19 4.8+2.6 11000+ 6000 42000+ 8000 110000 4+ 21000
0.2 ML Au (NaCl) 50 +10 15+3 1.8+0.3 700 + 200 1300 + 500 3700 + 1400
0.4 ML Au (NaCl) 70 £ 20 17+5 19+0.5 1000+400 1900 4+ 1100 5700 + 3200
0.2 ML Pits (NaCl) 50 + 30 18+4 1.0+03 800 500 800 £ 700 2500 £ 2000
0.4 ML Pits (NaCl) 60 + 25 203 1.2+£0.2 900+ 400 1200 + 600 3400 £+ 1700
0.4 ML Au+Pits (NaCl) 50 + 20 18+3 1.6+03 700 + 300 1100 + 600 3200 + 1800
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Figure 3.4: 1000 nmx1000 nm image of 0.5 ML PTCDI on KBr showing needle islands
nucleating from a variety of different step edges, Af =-2.0 Hz; I" =-0.3 {N/m

from step edges. A contrasting behaviour for a similar molecule was observed by
Fendrich et al., who described DiMe-PTCDI molecules deposited on NaCl and KBr
to form molecular wires requiring step edges for stability on KBr while loose ends
were stable on NaCl [15].

Double steps (two atomic layers tall) in NaCl and KBr appear to be excel-
lent nucleation sites for needle islands, and are often nearly completely covered
by smaller than average needle islands on the bottom side (see top right image
in Fig.3.1), presumably due to enhanced interaction between the oxygen atoms of
PTCDI and the second level sodium ions which become accessible and promote
stacking. Needle islands nucleated at single steps often straddle both sides of the
step. A single NaCl step is not tall enough for second layer PTCDI molecules to
reach the NaCl atoms (with a step height of 0.283 nm versus island layer height
of ~0.315 nm [7,91]), thus the lack of sodium ion interaction for second level mo-
lecules may account for the reduced density of needle islands nucleated at single

step edges. The long axis of molecular islands are often approximately parallel
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to the < 110 > directions of the substrate. Islands tend to grow following the
double step edges if the steps are approximately along the < 110 > directions of
the substrate (see Fig.3.4), while steps approximately along the < 100 > directions
of the substrate tend to nucleate islands that do not follow the step edge and have
shorter than average length. Gold clusters and other adsorbates in general are
less selective and tend to decorate any step edge, and can subsequently nucleate

PTCDI needle island growth.

3.3 Making Islands Larger

3.3.1 Additional Deposition

Additional molecules may be deposited onto a stable film to increase mo-
lecular island size without drastically changing the distribution of islands over the
surface. 0.2 ML of PTCDI were deposited on KBr to produce a stable film, the film
was imaged (Fig.3.2a), and then an additional 0.2 ML were deposited the next day
(Fig.3.2b). A single deposition of 0.4 ML is shown for comparison in Fig.3.2d (and
see Fig.3.3 for resulting island dimensions). The film produced after the second de-
position of 0.2 ML (Fig.3.2b) contained islands that were longer, wider but similar
in height and surface distribution to those observed after the initial 0.2 ML depos-
ition (Fig.3.2a). Analysis of several images suggests that molecules of the second
deposition generally join existing layers of islands without nucleating new islands
or layers. It is reasonable to assume that the edges of previously established is-
lands provide the most energetically favourable binding sites. When compared to

a single deposition of 0.4 ML (Fig.3.2d), the doubly deposited film contained is-
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lands which were again longer, wider, and similar in height, yet the doubly depos-
ited islands had a larger inter-island spacing (note that the substrate step density
plays a role in dictating the island surface distribution and dimensions, and will
be discussed further below). Therefore, it appears possible to set the island sur-
face distribution with an initial deposition, and then increase the island size with

subsequent depositions.

3.3.2 Heating

Heating of a stable film after growth (annealing) can be used to induce Os-
twald ripening and increase the size of compact islands while thinning out the
distribution of islands over the surface. The KBr sample discussed above (Fig.3.2a
and b) was subsequently annealed at ~150°C overnight. After annealing (Fig.3.2c),
the islands observed were longer, spread farther apart, and many were signific-
antly taller than those observed prior to heating. The tallest island observed was
13 nm tall, corresponding to a height of about 40 molecular layers. Alternatively,
a sample may be heated during molecule deposition to influence growth in a sim-
ilar way, again resulting in larger islands. Deposition onto a warm NaCl substrate
(~175°C, Fig.3.2e) exclusively produces large needle-shaped islands comparable
in size to those grown on KBr (Fig.3.2c). The measured island dimension distri-
butions are illustrated in Fig.3.3, though difficulties in finding and imaging such
large islands resulted in a small number of islands (9 on annealed “A-KBr” and
8 on heated “H-NaCl”) from which to take statistics. Branched islands indicat-
ive of coalescence were rarely seen for the post-deposition annealing on KBr case
(Fig.3.2c), and never observed on NaCl heated during deposition (Fig.3.2e). This,

combined with the larger inter-island spacing and bare step edges that are typic-
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ally decorated during room temperature deposition indicates higher mobility of
the molecules. Similar observations have been made as a result of annealing for
many systems [16,69-73]. Heating is a means of increasing the average island size
(particularly height) [16] and inter-island spacing, thereby tailoring the morpho-

logy of the resulting thin film.

3.4 Making Islands Smaller

3.4.1 Tip Induced Nucleation

It is possible to induce site-specific nucleation by poking the sample with
the AFM tip during dewetting to create a local defect, as illustrated in Fig.3.5 (see
also Appendix A). Needle island growth was nucleated at a position where the
AFM tip interacted with the surface, producing a small local rearrangement or
indentation. This method allows for precise positioning of defects over a small
range accessible by imaging, but control over a large scale is desirable for thin film

device applications.

3.4.2 Surface Templating

The importance of step density lends itself to the notion that control over
the density of nucleation sites can be achieved by careful modification of the sur-
face. NaCl substrates were templated with single monolayer deep pits, gold nano-
clusters, or the two combined prior to PTCDI deposition, as illustrated in Fig.3.6.
Single crystal NaCl samples were cleaved in situ and heated to ~150°C for one

hour. Pits were created by irradiating the surface with charge using an electron
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Figure 3.5: 500 nmx500 nm images of 0.2 ML PTCDI on NaCl (a) with a single needle-
shaped island visible (and some unstable second layers on square islands) 203 minutes
after deposition, (b) newly nucleated needle-shaped islands immediately after poke, 254
minutes after deposition, and (c) needle-shaped islands 2227 minutes after deposition.
Arrow indicates indent location. Af =-3.8, -4.0 and -4.3 Hz; T = -0.5, -0.6 and -0.6 {N/m

beam evaporator below the evaporation threshold, at a sample temperature of
~250°C with a charge dose of 1.2 £ 0.1 uC/cm?. The details of pit creation are
described elsewhere [46, 67,100, 102, 118], and the average pit size and surface
density can be controlled by varying the charge dosage and substrate temperature
during deposition respectively. Gold was deposited using the same evaporator, at
a coverage of 0.005 nm for all samples shown. A molecular evaporator was used to
thermally evaporate PTCDI (Alfa Aesar, 98% purity, outgassed at 200°C overnight)
at 300°C onto room temperature substrates. Deposition rates were calibrated (as-
suming densities of 1.7 g/cm? for PTCDI and 19.3 g/cm? for gold) using a quartz
crystal microbalance. Molecule deposition rates ranged from 48 to 96 pm/min,
and gold was deposited at 7 to 15 pm/min. In each experiment, substrates were
imaged by NC-AFM prior to templating and after each subsequent step of surface

preparation to ensure quality and a well characterized surface for PTCDI growth.
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Figure 3.6: 300 x 300 nm NC-AFM images of (a) pit templated NaCl, (b) gold templated
KBr and (c) NaCl templated with both pits and gold.

3.4.3 Pits

Monolayer deep rectangular pits in the NaCl substrate provide a relatively
homogeneous surface distribution of kink sites over the surface which can nucle-
ate needle-shaped islands, as shown in Fig.3.7). Pits can also act as traps for PTCDI
molecules, and occasionally small, single layer islands of trapped molecules form
that fill the square-shaped pit and are the only monolayer structures that are stable
over long times. A comparison of dimensions for post-dewetting needle-shaped
islands for varying substrate structures is given in Fig.3.3 with values listed in
Table 3.1.

Complete dewetting of the square-shaped islands occurs very quickly, wi-
thin an hour of PTCDI deposition, whereas un-templated (unaltered) samples may
take in excess of 50 hours to completely dewet. The resulting needle islands tend
to be about a factor of 10 smaller in volume and somewhat less elongated (aspect
ratios of ~2.5:1 compared to ~4:1) than those for the same coverage on unaltered
NaCl (see Fig.3.7 and Fig.3.8). The size and density of pits (and thus the separa-

tion and density of kinks) can be controlled by varying temperature and charge
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NaCl NaCl + pits ~ NaCl +Au

0.4 ML

0.2 ML

Figure 3.7: Changes in resulting film morphology with varying substrate structure. NC-
AFM images of two coverages of PTCDI deposited on NaCl, Af = (top row) -4.0, -3.0, -4.6
(bottom row) -3.9, -2.0, -2.0 Hz; " =-0.6, -0.4, -0.6 and -0.6, -0.3, -0.3 fN/m



72 CHAPTER 3. TAILORING MORPHOLOGY

dose [118]. However, double layer step edges are still favoured as nucleation sites
even over the pits. Thus, it is impossible to create a totally homogeneous surface
distribution on a typical NaCl sample (which contains many steps).

Fig.3.8 gives a detailed view of PTCDI growth on pit templated NaCl sam-
ples. Pit-templated samples contain molecules trapped by pits that may sub-
sequently nucleate multilayer growth with the same crystal structure as needle-
shaped islands. In some cases the needle islands appear to be confined to the pit.
Such islands may nucleate later in the dewetting process (possibly due to a higher
dewetting barrier) and then have a lower population of molecules to trap as the 2d
gas population of diffusing molecules is depleted and thermalized. This may ex-
plain the presence of pit confined multilayer islands apparent in the 600 nm image
of the 0.2 ML coverage case of Fig.3.8.

For both coverages illustrated in Fig.3.8, the multilayer islands are clearly
visible while single layer pit-trapped islands are only visible for small image sizes.
This lack of contrast is due to the similarity in heights of NaCl steps and PTCDI
layers: NaCl pits have a depth of 0.283 nm, while PTCDI islands have a layer
height of ~0.315 nm [7,91]. This complicates determining the population of post-
dewetting pit-trapped molecules for both single and multilayer islands - mul-
tilayer islands can also include pits, and the structure and filling of molecules in
covered pits cannot be determined by AFM. However, we neglect this small frac-
tion of the molecule population in our analysis.

High resolution images of needle-shaped islands of PTCDI on NaCl, KBr
and gold-templated KBr are shown in Fig.3.9. Images such as Fig.3.9(a and b) are
used in the determination of crystal structure, using the visible substrate lattice as

a metric. Because of the difficulty in obtaining high-resolution NC-AFM images
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0.4 ML

0.2 ML

Figure 3.8: PTCDI deposited onto pit-templated NaCl for two different coverages. (Left
column) 40 x 40 nm, (middle column) 300 x 300 nm, (right column) 600 x 600 nm NC-
AFM images

when gold nanoclusters are present, atomic resolution was not obtained for the
gold templated sample. However, based on the molecular resolution visible in
Fig.3.9(c), it is reasonable to assume the bulk-like crystalline structure for needle
islands grown on gold templated samples, similar to the needle-shaped islands
observed for other surface preparations.

The epitaxy of all PTCDI structures observed herein are shown in Fig.3.10.
Pit-trapped islands have the same structure as the metastable square-shaped is-
lands observed previously on unaltered NaCl. Both form single monolayer (2x2)
brick wall structures with all molecules in equivalent positions with respect to the
NaCl substrate (Fig.3.10d and g), in contrast with the characteristic canted row
structure observed in the needle-shaped islands (Fig.3.10e, f, h and i) and on a

variety of other substrates [6-14]. The crystalline structures of the monolayer squ-
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Figure 3.9: NC-AFM images of needle islands of PTCDI with insets flattened for enhanced
contrast (a) on NaCl, 25 x 25 nm, (b) on KBr. 20 x 20 nm, and (c) on gold templated KBr,
20 x 20 nm, with gold nanocluster false colored for illustrative purposes.

are island and multilayer needle islands PTCDI on NaCl were discussed earlier
in Chapter 2. All lattice constants are given in Table 3.2, determined from atomic
and molecular resolution images and the well known lattice constants of NaCl and

KBr.

Structure by (nm) by (Nm) 0 (°) G (°)
Needle (NaCl) 1.324+0.03 | 1.65+0.04 [29+1 |90 +2
Needle (KBr) 142 4+0.02 | 1.75+0.05 [29+1 |93+ 3
Square (NaCl) 1.13+0.04 {1.094+0.08 | 1+3 |93 +4
Pit (NaCl) 1.154+0.04 | 1.14+0.04 | 1+£1 |88 +2
Preferred NaCl sites 1.13 1.13 0 90

Table 3.2: Needle, square and pit lattice constants

In both pit-trapped and square-shaped islands, the molecule-substrate in-
teraction appears to influence growth sufficiently to hold a single monolayer of
molecules to the preferred adsorption sites, the same sites preferred for PTCDA
on NaCl calculated by Ji et al. [16,61]. PTCDA molecules trapped in pits have
been observed with a strained (2x4) herringbone-like structure and a variety of
structural defects, which exhibit different optoelectronic properties depending on

structure [98]. PTCDI molecules appear to fill pits more uniformly (defects have
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Figure 3.10: Epitaxy of PTCDI on NaCl and KBr. (Top row) 300 nmx300 nm images of
(a and b) 0.2 ML deposited on flat and pit-templated NaCl, (c) 0.4 ML deposited on KBr,
3D-rendered to enhance pit visibility. Af = -4.0, -2.2, -2.3 Hz; T = -0.6, -0.3, -0.3 {Ny/m
(Middle row) Illustrations of (d) (2x2) brick wall structure of both square island and pit-
trapped molecules on NaCl, (e and f) needle island structure observed on NaCl and KBr
respectively (top layer of molecules only shown for clarity). (Bottom row) (g) 15 nmx15
nm image of molecules trapped in a pit with surrounding NaCl lattice, (h and I) 10 nm x 10
nm and 5 nmx5 nm images illustrating needle-island structure of PTCDI on KBr. Af =
-6.0,-14.8,-174 Hz; ' =-0.8,-2.1, -2.5 fN\/m
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only been observed in corners) and should therefore produce a narrower range of
electronic properties.

Although pit-trapped islands and square-shaped islands in the middle of
terraces have the same structure, pit-trapped structures are probed more easily,
which we attribute to the added stability arising from the pit edges [95,97]. The
pit edges likely offer an additional edge-molecule interaction that strengthens the
molecule-surface interaction, giving rise to higher diffusion and dewetting bar-
riers (the dewetting barrier is the energetic barrier arising from the change in
PTCDI configuration during the transition from the square island structure to the
needle island structure). The brick wall structured islands are less stable than the
needle islands, but needle islands require a defect to nucleate and are pinned to
the site [91]. Brick wall structure filled pits have been observed as long as 10086
minutes (8 days) after deposition. A higher dewetting barrier may partially ex-
plain the long life of these filled pits - despite the presence of kink sites at pit
corners, a higher dewetting barrier would delay the nucleation of needle islands.
It is possible to disturb square islands by imaging with a frequency shift on the
order of -10 Hz (corresponding to a normalized frequency shift of ~ -1.4 {N/m),
pit-trapped structures may be disrupted by imaging with frequency shifts in ex-
cess of -25 Hz, while needle islands are stable in excess of -30 Hz (corresponding
normalized frequency shifts of ~ -3.5 and -4.3 fNy/m respectively). Comparat-
ively, Kawai et al. observed cutting of meso-(4-cyanophenyl)-substituted Zn(II)
porphyrin molecular wires self-assembled on KBr(001) (nucleated from step edges
and gold nanoclusters) at -3.6 {N/m, and noted that the molecules were weakly

bound to both the substrate and the rest of the wire [119].
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Figure 3.11: 300 nm x300 nm images illustrating dewetting for two PTCDI coverages on
gold-templated NaCl, with square-shaped islands disappearing in circles (elapsed time
since deposition given in minutes, z-scale contrast altered to make square islands visible).
Af = (top row) -2.0, -2.5, -4.6 (bottom row) all -1.5 Hz; I" =-0.3, -0.3, -0.6 and -0.2 f{N/m

344 Gold

Gold nanoclusters tend to decorate steps in the NaCl, although some still
form in the middle of terraces, similar to gold deposited on KBr [100-103, 119,
120]. Like the pits, gold clusters also act as nucleation sites for needle islands
and dewetting is completed relatively quickly, within about 5 hours (see Fig.3.11).
Resulting islands tend to be similar in length to those formed by the same coverage
of PTCDI on pit-templated NaCl, but are ~15% narrower and nearly twice as tall,
as can be seen in Fig.3.3 and Fig.3.7.

The affinity of PTCDI to nucleate from gold promotes it as a promising elec-
trical contact material for organic electronics. Because the gold nanoclusters are
not quasi-2 dimensional like the pits (and steps), the islands on gold-templated

samples may be modulated by the dimensions of the gold clusters, which are gen-
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erally taller and narrower than pits. PTCDI molecules typically extend from both
sides of the gold, with the gold nanocluster in the middle of the needle-shaped
island, in contrast to cyanoporphyrin wires grown on Au decorated KBr observed
by the group of Glatzel and Kawai et al. [103,119]. The gold seems to decrease the
tendency of needle islands to grow in width, promoting interlayer mass transport
and the formation of upper layers. Zhong et al. modelled the efficient ascending
interlayer transport of oligoethylene-bridged diferrocene molecules on Ag(110),
which form mesalike islands in what they describe as a strain-driven ascending
process, preferentially attaching to upper unstrained layers with higher effective

binding energies than strained layers close to the substrate [83].

3.4.5 Pits + Gold

Combining the two templating methods is a promising means of creating
controlled nanoscale hybrid molecule-metal structures [102], and also results in
a more homogeneous surface distribution of gold nanoclusters over the surface.
Pits were created initially, followed by deposition of 0.05 nm of gold and then
0.4 ML of PTCD], similar to previous experiments done by Mativetsky et al. with
PTCDA molecules deposited on KBr [102]. The resulting film exhibited rapid de-
wetting, which was complete within an hour, and had intermediate needle island
dimensions given in Fig.3.3. Fig.3.12 gives a detailed view of PTCDI grown on
a NaCl sample templated with pits and 0.05 nm of gold. The AFM tip tends to
pick up gold nanoclusters at normalized frequency shifts above ~-0.4 fNy/m, mak-
ing high-resolution imaging difficult. In contrast to the pit-templated samples, no
single layer pit-trapped islands were observed. However, like the pit templated

samples, there are a larger proportion of small multilayer islands with the needle
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island structure confined to pits, such as the one indicated by the arrow in Fig.3.12.

Figure 3.12: 0.4 ML PTCDI deposited onto pit and gold templated NaCl. (Left) 40 x 40 nm,
(middle) 300 x 300 nm, (right) 600 x 600 nm NC-AFM images

3.5 Nucleation Site Growth Dependence

3.5.1 Comparison of Morphologies

In general, templated surfaces contain more nucleation sites than unaltered
surfaces, and can produce many small needle-shaped islands close together (pre-
suming negligible Ostwald ripening, see Fig.3.3). The dimensions of needle-shaped
islands also depend on the coverage of molecules deposited. More molecules for
the same surface preparation generally results in larger islands (this is true only
if the nucleation site surface distribution is kept constant. A higher step density
produces smaller islands in the top left image of Fig.3.7). Unaltered NaCl and
KBr are easily cleaved to produce atomically flat terraces on the order of microns
in size, resulting in fewer nucleation sites and therefore larger, more spread out
needle islands. PTCDI islands grown on unaltered substrates tend to be about
three times the length and an order of magnitude larger in volume than those of

the same coverage grown on templated substrates. The size of the needle-shaped
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islands produced in a film depends on the density of nucleation sites, and the lack
of control over the positioning of step edges of alkali-halide surfaces results in a
large variation of molecular island size (standard deviation of ~50% in volume)
and surface distribution (double step edges are densely decorated) when grown
on unaltered substrates. Also, islands grown on gold-templated NaCl substrates
tend to be about twice the height and ~15% narrower than those grown on pit-
templated substrates for the same coverage of molecules deposited. While the
reason for this difference in geometry is not well understood, it appears that the

islands are modulated by the dimensions of the gold clusters.

3.5.2 Contaminants as Nucleation Sites

It should be noted that while this study includes samples prepared exclus-
ively under UHYV, the environment is expected to play a crucial role in film struc-
ture. Contaminants may act as nucleation sites, diffusion barriers, surfactants,
strain reducers, and create defects. Atomic steps and kink sites are well known
as traps for contaminants [24-26] due to their lower coordination numbers, wh-
ich may in turn nucleate needle island growth [66] and suppress the formation of

metastable structures.

3.6 Molecular Behaviour

3.6.1 Diffusion

By providing more nucleation sites, it is possible to create a higher surface

density of smaller islands, but one must also consider the dynamics of the growth
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process. PTCDI molecules are capable of diffusing long distances (on the order
of hundreds of nanometers) before binding to a stable site (see for eg. Fig.3.5 and
Fig.3.7) as films evolve over the course of days at room temperature, and at elev-
ated temperatures may travel even farther and over higher energy barriers (such as
steps). The relatively low diffusion barriers for single PTCDI molecules diffusing
between adjacent preferred adsorption sites on NaCl at room temperature have
been calculated using density functional theory (by Wei Ji, see supplementary in-
formation of [82] for details) to be 0.41 eV and 0.27 eV along and perpendicular to
the long molecular axis respectively. Diffusion barriers and travel distances play
an important role in the resulting film morphology [91]. In the dewetting scenario,
needle-shaped islands are populated by molecules escaping from the surround-
ing metastable square-shaped islands. Even with negligible Ostwald ripening
between needle-shaped islands, there is competition for the capture of free mo-
lecules diffusing from the square-shaped islands. If more needle-shaped islands
nucleate, diffusing molecules travel smaller distances before being trapped, res-
ulting in faster dewetting, smaller needle-shaped islands and a more homogenous
distribution of islands over the surface. Smaller molecule travel distances require
shorter transit time, thus templated substrates produce stable films within a matter

of hours instead of days at room temperature.

3.6.2 Anisotropic Growth

We speculate that a diffusing molecule incident on the side of a needle island
may hop along the side of an unfavourable edge until it reaches a location with
sufficient stability to attach, similar to adatom behaviour in the atomistic compact

island growth regime [26]. Given the tendency of PTCDI molecules to join end-
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to-end [12,91], needle islands tend to elongate with time. This behaviour is akin
to the more pronounced anisotropic growth of wirelike islands of DiMe-PTCDI on
KBr and NaCl (001) [15], and exploited by Kawai et al. for “self-healing” meso-(4-
cyanophenyl)-substituted Zn(Il) porphyrin molecular wires [119]. The end-to-end
intermolecular interaction is due to the hydrogen bonding between N-H and C=0
groups, so growth occurs preferentially from the ends of islands as existing rows

tend to elongate over the formation of new adjacent rows.

3.6.3 Suppression

If a PTCDI needle island extends during growth towards an adjacent island
with a different orientation (as may be the case more frequently for higher cov-
erages), the islands may coalesce, or if coalescence is unfavourable, the growth
in this direction may be suppressed (see Fig.3.5 and Appendix A). If suppressed,
molecules diffusing along the island sides with insufficient coordination to attach
would be unable to further elongate the island in that direction, and may continue
to diffuse until eventually either reaching a different favourable location or being
joined by other molecules to form a new row and thus widen the island. Such sup-
pression may occur more frequently for samples with high nucleation site density
and relatively short island heights at a given coverage, such as the pit-templated
case in Fig.3.7. In such instances, the surface area covered by islands may be suffi-
ciently high that island dimensions are not dictated by competitive dewetting and
substrate structure alone, and suppression may arise where many needle-shaped
islands with differing orientations grow in close proximity to one another. This
suppression is exemplified in Fig.3.13, showing two subsequent 1 ML depositions

of PTCDI on KBr. After the second deposition, the closely packed needle-shaped
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3.5nm
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Figure 3.13: 600 nmx600 nm images of subsequent depositions of PTCDI on KBr, illustrat-
ing suppression (a) 1 ML, average island height 1.1 + 0.2, Af =-2.0 Hz; T =-0.3 {N/m and
(b) 2 ML, average island height 1.7 + 0.5 nm Af =-29 Hz; I" =-0.4 {N/m

islands maintain similar island surface distributions due to suppression, and in-
crease from 1.1 + 0.2 nm to 1.7 + 0.5 in average height (partial coalescence creates
ambiguity in determining other island dimensions). This procedure is akin to tem-
plating in that the island surface distribution is set by an initial deposition, but in
this case, existing island edges generally act as the most stable binding site for
additional molecules, providing another means of tailoring the resulting thin film

morphology.

3.7 Summary

Growth conditions and surface structuring can provide a means of control
over organic thin film morphology, which should lead to controllable device rel-
evant properties. The electronic properties of molecular islands are determined by
structure, and are key to the performance of potential molecular devices. For ex-
ample, needle-shaped and square-shaped islands should offer different charge car-

rier mobilities owing to the different intermolecular orientations resulting in dif-
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terent wavefunction overlap. Defects and grain boundaries may lead to a change
in the resistivity of islands and thin films. The influence of experimental factors
on the morphology of PTCDI thin films was investigated, and parameters were
identified that may be varied to induce desired behaviour and produce tailored
film morphologies. Two methods of increasing stable needle island size were ex-
plored. Two-step depositions can be used to increase the average needle island
size without changing the distribution of islands on the surface, producing a more
dense island surface distribution than is accessible by a single deposition. Heat can
be applied either during molecule deposition or afterwards (annealing) to increase
the kinetic energy of molecules and enhance ripening, producing larger islands
distributed more sparsely over the surface. Deposition onto cooled substrates was
also attempted, as detailed in Appendix B, and met with limited success. Defects
act as island nucleation sites and play a crucial role in determining film struc-
ture. Templating a surface with monolayer deep pits or gold nanoclusters can
increase the nucleation site density and tailor the size, shape, surface distribution,
and dewetting time of needle-shaped PTCDI islands nucleated on NaCl. To gain a
microscopic picture of how these “tuning knobs” influence large anisotropic mo-
lecules on surfaces, there is a need for comparative modeling, such as within a
kinetic Monte Carlo framework [83-85]. However, the experiments shown here
demonstrate some of the methods that can be applied to modify the final stable
film morphology including and even exploiting the effects of dewetting. The abil-
ity to control molecular film morphology through substrate modification, espe-
cially where dewetting occurs, is a general concept and may prove useful in the

context of dialling in thin film properties for devices.
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Organic Photovoltaics

4.1 Principles and Challenges

Film morphology of organic photovoltaics (OPVs) has a dramatic influence
on device performance [23,121]. The degree and homogeneity of donor and ac-
ceptor mixing is critically important for the formation of heterojunctions. The act-
ive layer structure can influence exciton and charge carrier mobilities, as will be
discussed in detail below. Defects, interfaces and regions of differing crystallinity
play assorted roles in the various stages of charge carrier generation and transport-
ation [122]. Rough interfaces and the presence of voids can increase the series res-
istance and also the chance of device short circuiting. The presence of even small
amounts of impurities can drastically decrease device performance [123]. As a res-
ult, many devices are oxygen and water sensitive [124], and OPV lifetimes rarely
exceed a few years [125]. However, the detailed mechanisms by which these many
factors impede device performance are largely unknown. To date, the structure-
function relationship of organic films is poorly understood, and remains one of the
outstanding challenges to improving device performance [124,126,127].

It is perhaps surprising, then, that most state of the art OPV active materials
are designed to look something like scaled down versions of spaghetti with meat-

balls (typically long polymer chains blended with fullerenes, see Fig.4.1) [128-130].
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polymers (represented by curved lines) and fullerene derivatives such as PCBM (repres-
ented by grey circles)

They may contain a variety of conjugated polymers, macromolecules, nanocrys-
tals, fullerenes and other small molecules, and are typically solution deposited in
ambient conditions (see review articles [131-133] and references therein). Charac-
terization methods applied to solar cell materials (and relatedly organic thin film
transistor, light emitting diode, and other organic optoelectronic device materials)
are predominantly ensemble techniques that measure optical (absorption, pho-
toluminescence) and optoelectronic (current/photocurrent, voltage/photovoltage
and derivate properties such as power conversion, current density and external
quantum efficiency) device properties. The film morphology may be character-
ized by x-ray diffraction, TEM [128,134] and /or ambient AFM, but the nanoscale
morphology is generally an unknown combination of amorphous, crystalline and
interfacial regions [23].

Thus, it seems appropriate and timely to explore the nanoscale morphology
and optoelectronic properties of clean, well defined OPV molecular thin films de-

posited under UHV with NC-AFM and KPFM. Building upon our previous mor-
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phological studies of tailoring molecular island size and nucleation site distribu-
tion described in Chapters 2 and 3, this chapter presents preliminary studies of
molecular electron donor and electron acceptor thin films. We simultaneously ob-
serve the surface topography with NC-AFM and local contact potential difference
(LCPD) distribution with KPEM to investigate the structure-function relationship
in OPVs. We illuminate samples and explore changes in LCPD with the hopes of

shedding light on fundamental processes of photovoltaic energy generation.

4.1.1 Harvesting Light with Molecules

Organic photovoltaic devices use molecules as active light harvesting ma-
terials instead of the more common and well developed inorganic semiconductors,
and are very promising in terms of fabrication costs and materials safety [135,136].
However, they propose an additional challenge: when light is absorbed, bound
pairs of electrons and holes called excitons are formed instead of the free electrons
and holes created in inorganic solar materials. An effective solar cell must cap-
ture light efficiently and must also be able to convert it into a collectable current
to produce a net power output. In order to collect a current of these bound charge
carriers, excitons must dissociate and separate so that an external electric field can
sweep the electrons and holes in opposite directions towards electrodes. This is
typically accomplished through the use of molecular heterojunctions, located wi-

thin the active regions of heterojunction solar cell devices [59,130, 135].
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Electrode 1: ITO, etc

Electron Donor: CuPc, etc

Electron Acceptor: PTCDI, etc

Q

Electrode 2: Al, etc

Figure 4.2: Basic bilayer heterojunction organic solar cell, illustrating light absorption,
exciton formation, exciton diffusion, exciton dissociation across the heterojunction, free
charge carrier diffusion and collection at the electrodes

4.1.2 Heterojunction Devices

The basic bilayer heterojunction organic solar cell is illustrated in Fig.4.2. It
is comprised of two active layers: the electron donor layer and the electron ac-
ceptor layer. These layers are typically composed of amorphous, polycrystalline
or partially crystalline polymer materials that are solution processed and may be
heat treated or doped to improve device performance. Bulk heterojunction devices
(BHJs) operate in the same way as bilayer devices, but the active molecular layers
are interpenetrating or mixed to produce a larger donor-acceptor interface area. If
the mixing is heterogeneous (containing regions of pure donor and acceptor mo-
lecules) it is referred to as a dispersed heterojunction device. If mixing is homogen-
eous it is called a blended heterojunction device (though the distinction between
dispersed and blended is blurred for small domains as illustrated in Fig.4.1).

Light harvesting with an OPV heterojunction device involves six consecut-

ive processes [59,130,135] (the first five of which are illustrated in Fig.4.2):
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1. Light absorption: Light is absorbed by an organic material to produce an ex-

citon (a bound electron and hole pair, discussed in detail below)

2. Exciton diffusion: The exciton diffuses randomly through the material during
its lifetime (further discussed below). Typical diffusion lengths of excitons in

organic materials are on the order of 10-20 nm [59, 130, 137]

3. Exciton dissociation: Excitons separate into free charge carriers at the donor-

acceptor interface (or recombine via several loss mechanisms)

4. Free charge carrier transport: The dissociated electrons and holes move apart
in the presence of an external electric field, typically produced by materials

with different work functions at the electrodes

5. Collection: The charge carriers are collected by the electrodes if a current path
exists (or are trapped until they recombine). Grain boundaries and defects

may hinder charge collection

6. Driving external load: The resulting current can drive an external load. Solar
cell devices operate similarly to electrochemical cells, except that charge car-
riers are created by photon absorption and never need to be replenished.
Therefore, solar cells allow energy harvesting whereas electrochemical cells

allow energy storage (electrodes deplete and must be recharged)

4.1.3 Excitons

The formation of bound excitons is the key difference between silicon and
organic photovoltaics [124,138], and the study of excitons represents an important
aim of this research. This section presents the background information needed to

recognize the goals of studying OPVs with NC-AFM and KPFM.
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In inorganic semiconducting solar cells, the dielectric constant is typically
large (on the order of ¢ = 10 [139]) and polarization of the materials provides
screening between an excited electron and the associated hole such that they can-
not “see” one another through coulomb attraction, and are swept apart by the in-
herent electric field across a pn-junction. Free charge carriers are produced almost
immediately upon excitation, as the energy needed to separate the electron and
hole is below ~ kgT. However, organic materials typically have lower dielectric
constants (on the order of ¢ = 3 [124, 140]) so electrons and holes generally can-
not escape one another’s coulomb attraction upon excitation. Rather, they remain
bound in a slightly lower energy configuration than free charge carriers (illustrated
in Fig.4.3). The resulting quasiparticle is called an exciton.

Excitons come in a variety of flavours that can be classified according to
electronic and vibrational excitation energies and spatial extent [140, 142]. Some
excitons can be unbound at electron donor-acceptor interfaces (heterojunctions),
producing free electrons and holes that may generate current [143]. Others act as
loss mechanisms that decrease device efficiency. The basic OPV excitation phe-
nomena are illustrated in Fig.4.3. Frenkel excitons (named after Yakov Frenkel)
are closely bound electron-hole pairs with a spatial extent of around that of the
crystalline unit cell (i.e. confined to one or a few molecules) with relatively flat
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) dispersions [144]. Wannier-Mott excitons (named after Gregory
Wannier and Nevill Mott) are more weakly bound due to screening and therefore
more delocalized, with semiconductor band dispersion features spanning across
more than one unit cell [145]. Charge-transfer excitons occur across material inter-

faces [140], such as when an excited electron transfers from the electron donor
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Figure 4.3: Excitation processes: (a) Jablonski diagram of absorption and relaxation pro-
cesses with ground state Sy, first and second excited singlet states S; and S» and first
excited triplet state 77. Fine lines represent vibrational energy states, and approximate
timescales are given, based on [141]. (b) Excitation by photon absorption. (c) Frenkel ex-
citon, tightly bound. (d) Wannier-Mott exciton, delocalized. (e) Charge-transfer exciton,
straddling the donor-acceptor interface. (f) Hot exciton, electron in higher lying energy
states that disputably may facilitate dissociation/diffusion. (g) Charge separation, elec-
tron and hole escape one another’s Coulomb attraction. (h and i) Schematic representation
of Pauli exclusion in excited singlet and triplet states of paired electrons.
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material to the electron acceptor (or conversely, when a hole transfers from the
electron acceptor to the donor) and the charges remain coulombically bound, with
an energy slightly lower than that of the band gap. Such states can be energet-
ically favourable and long lived, and act as a loss mechanism in OPVs. Associ-
ated polarons are discussed below. Hot excitons are a hot topic at present, as there
is dispute over whether or not excitons with additional vibrational energy can
facilitate efficient charge carrier separation across the donor-acceptor heterojunc-
tion [140, 146, 147].

The screening of a charge in a dielectric material is caused by polarization of
the material immediately surrounding it. The combination of the charge and the
polarization field surrounding it is called a polaron. The surrounding material may
also spatially distort to produce phonons (lattice vibrations). Significant spatial
distortion or conformational changes may be visible in high-resolution NC-AFM
if sufficiently long-lived and frequently recurring to produce a change in canti-
lever frequency shift. Excitons are charge-neutral and hydrogen-like, but if they
are spatially delocalized and segregated, such as in a charge-transfer exciton, they
will have a dipole moment. The combination of charge and distortion field sur-
rounding these two bound charges is called a geminate polaron pair, and are probed
and identified by a variety of optical techniques [140,143]. Geminate polaron pairs
straddling heterojunctions may be visible in KPFM and high-resolution NC-AFM
as a change in LCPD and structure of molecules near the interface upon illumina-
tion.

Singlet states have typical lifetimes on the order of nanoseconds, while trip-
lets can have decay times from microsceconds to seconds [148]. Triplet states are

formed by internal conversion (the excited electron spin flips from up to down, or
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vice versa), and are long lived because they cannot recombine directly (forbidden
by the Pauli exclusion principle). The T1 triplet state is usually energetically lower
than the S1 first excited singlet state, and can act as a loss mechanism in OPVs
by trapping excitons that might otherwise have separated and generated charge.
Small hydrocarbon molecules (such as PTCDI) have negligible spin-orbit coup-
ling from singlet to triplet states, but systems with heavy atoms (such as metals,
for example those in metal phthalocyanines) can have efficient intersystem cross-
ing [141]. Ilumination has been observed to induce LCPD changes on PTCDA
due to the presence of excited states that lower the effective work function by
KPFM [98].The lifetimes of trap states suggest that we may be able image an en-
semble average of excited states as well as spatially delocalized polarons created

under sample illumination with KPFM and high-resolution NC-AFM.

Exciton Diffusion

The exciton diffusion length describes how far a typical exciton diffuses th-
rough a material before recombination. This value determines the active layer
thickness of OPV material surrounding the donor-acceptor heterojunction, and is
therefore an important value for engineering efficient solar cells. Excitons gener-
ated more than a diffusion length from a heterojunction will usually recombine
before dissociating and are therefore wasted. The characteristic exciton diffusion

length, Lp, is defined as [149]:

LD =\ DTo, (41)

where D is the exciton diffusion coefficient and 7y is the decay time constant.
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Exciton diffusion lengths in materials are determined by a variety of en-
semble measurements such as time-resolved photoluminescence measurements
of luminescence quenching, device photocurrent/photovoltaic response measure-
ments as a function of layer thickness [137,149], and flash-photolysis time-resolved
microwave conductivity measurements of incident photon charge separation effi-
ciency fit with analytical expressions [150]. Such measurements are typically per-
formed on spin-coated films of “known” thickness (usually calibrated with a step-
profiler and adjusted by varying solution concentration, not necessarily verified
for each film produced [150]). These measurements always assume isotropy and
generally ignore crystalline structure altogether, which is probably a poor assump-
tion given the anisotropic nature of most molecular structures. The anisotropic en-
ergy transport of Frenkel excitonic polarons (multi-particle systems of an exciton
surrounded by vibronic excitations) in polymer H- and J- aggregates has received
some recent theoretical attention [142], but currently lacks experimental support.

Exciton diffusion lengths of OPV materials reported in the literature are
widely varying, anywhere from a few to several tens of nanometres (but may of-
ten be overestimated due to interpenetration of materials [149]), and are generally
expected to be on the order of 10-20 nm [59, 130, 137, 150]. Molecules relevant to
this thesis exemplify the typical variation in reported values. The exciton diffusion
length of CuPc was measured to be 68 + 20 nm from photocurrent spectra by fit-
ting external quantum efficiency versus wavelength of a test device by Stubinger
et al. [151], while Peumans et al. estimated it to be 10 4+ 3 nm [137] and Terao et al.
estimated it to be 15.4 nm [56], all by the same method. Yang et al. give a range of
CuPc exciton diffusion length values: ~10-50 nm [59], and it was modelled by Xue
et al. as 8 nm [152]. Similarly, although the exciton diffusion length of PTCDI is
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not well studied (at least not in the absence of large side chains), the exciton diffu-
sion length of PTCBI (perylene-3,4,9,10-tetracarboxyl-bis-benzimidazole, a pery-
lene derivative similar to PTCDI) was modelled by Xue et al. as 3 nm [152] and
measured to be 3.0 & 0.3 nm by photoluminescence quenching by Peumans et
al. [137]. However, Peumans et al. also determined the exciton diffusion length of
PTCDA (previously discussed as very similar to PTCDI) to be 88.0 + 6.0 nm by fit-
ting external quantum efficiency of a device versus wavelength (the same method
as for CuPc) [137]. Clearly the exciton diffusion lengths of CuPc and PTCDI are

not known precisely, and the literature values provide a rough estimation.

Exciton Dissociation

Exciton dissociation into free charge carriers is known to occur across the
donor-acceptor interface, and is thought to be very fast (for example, ~40-45 fs
for a polymer-fullerene device, though there is some debate on the timescale for
truly mobile charge creation [153]) and efficient (approaching 100 %) [124,137,154].
However, the detailed mechanism(s) by which excitons dissociate is still unknown.
As mentioned above, the topic of hot excitons is still controversial as to whether
or not they may aid in charge carrier separation [140, 146, 147]. The nanoscale mo-
lecular structure of the donor-acceptor interface should play an important role,
as molecular orbital overlap depends on the proximity and orientation of mo-
lecules with respect to one another. Studies of single molecules that incorporate a
linked electron donor side and electron acceptor side provide a controlled means
of studying very local excitation [155], but functional OPV processes generally
extend over larger spatial volumes and depend on the ensemble properties of mo-

lecular structures as well as those of the individual component molecules. A high



96 CHAPTER 4. ORGANIC PHOTOVOLTAICS

resolution approach to observing heterojunctions between well defined organic
crystal thin film structures (such as by combined NC-AFM and KPFM) may prove

instrumental in elucidating the details of exciton dissociation.

4.1.4 Charge Carrier Transport and Collection

After exciton dissociation, the resulting charge carriers move in opposite
directions (in the presence of an electric field) towards the electrodes. In bilayer
devices this process is relatively simple, as holes move through the electron donor
material and electrons move through the electron acceptor. This offset in charge
may be visible by KPFM (discussed below). In bulk heterojunction devices this
process can be more complicated, depending on the degree of mixing and avail-
able transport pathways to the charge carriers. It is worth noting that the post-
dissociation description of electrons and holes as “free charge carriers” is not stri-
ctly accurate, particularly in relatively soft organic materials, where lattice disrup-
tion and corresponding quasiparticles should be considered, but we will keep this
nomenclature for simplicity.

The current density, J, for both negative and positive charge carriers in a PV

device is given by a sum of drift and diffusion components as follows [124]:
J = aupE +qDVp, (42)

where g is the elementary charge, u is the charge carrier mobility (of either elec-
trons or holes), p is the charge density (of either electrons or holes), E is the electric
tield across the layer, and D is the diffusion coefficient (of either electrons or holes).

Charge carrier mobility is another important parameter for solar cell device
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engineering, as it also impacts optimal device layer thickness and material choice.
It is a difficult quantity to measure directly due to influences from grain bound-
aries, defects, and electrical contacts (Where present). In organic materials, charge
carrier mobilities are determined (or estimated) by a wide variety of methods in-
cluding time-of flight, field-effect transistor, diode configuration, xerographic dis-
charge, surface acousto-electric traveling wave and pulse-radiolysis time-resolved
microwave conductivity, among others (see review articles [156, 157] and refer-
ences therein). Thin film transistor methods are very common but may not be
an appropriate approach to studying charge transfer in OPVs due to compound-
ing factors such as the lack of control and wide variety of values typically ob-
served [158]. The electron diffusion length in GaP has been determined by KPFM
[159], and this method could be applied to OPV materials if sample quality and
measurement resolution allow it. Electron and hole mobilities in organic semicon-
ductors can be strongly temperature dependent (due to the temperature depend-
ence of their masses, which may approach the free electron mass at low temperat-
ure) [156,158]. Hole mobility in electron donor conducting polymers is typically
found to be lower than the electron mobility in organic electron acceptors [124].
Again molecular anisotropy should be considered as charge carrier mobility may

differ along different crystalline directions, but it is generally ignored.

41.5 KPFM for OPVs

KPFM has recently been applied as a characterization technique for OPVs
(notably within the last ~six years [126,127,160-162]), and represents a major topic
in the new International Workshop on Scanning Probe Microscopy for Energy Ap-

plications started in 2010. KPFM contrast has been observed between organic
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donor and acceptor regions in what are typically solution cast, partially crystalline,
partially amorphous films. This contrast may be used for species and agglomer-
ate identification, and may change under sample illumination [126,127, 160-162].
Thin films of CuPc deposited on Si(100) and ITO substrates (prepared ex-situ) were
explored with KPFM under UHV by Sadewasser et al. [49], and demonstrated a
change in contrast when illuminated with light below ~800nm due to hole trans-
fer into the substrates. To date, no high-resolution UHV KPFM studies of OPV
donor-acceptor molecules are published (image sizes are typically on the order of
1 x 1 um), and the work presented here is among the highest quality obtained so
far.

It is worth noting that the KPFM bias modulation frequency must be kept
below the reciprocal of the dielectric relaxation time constants of the tip and sample
materials involved in order to avoid transient, frequency dependent internal elec-
tric fields to provide an accurate measure of surface contact potential minima. The

dielectric relaxation time constant is given by [51,163]:

: (4.3)

where ¢ is the dielectric constant (or permittivity) and o is the material conductiv-

ity that may be calculated according to:

(4.4)

where ] is the current density through a material and E is the electric field across
it. There are a variety of dielectric relaxation processes that may contribute to the

total internal electric field in a material, including (roughly in order of increasing
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time constant) dipolar (molecular rotation), ionic (or atomic), and electronic po-
larization [164]. Thus, the polarization response of materials (and subsequently
the dielectric constant) may also vary as a function of electric field oscillation fre-
quency to reflect several relaxation time constants, and can be particularly import-
ant in optical measurements. It may also depend on geometric properties [165].
In our case, we simply wish to modulate our tip-sample bias below the slowest
dielectric relaxation time constant of the materials between them.

The dielectric relaxation time constant of silicon is very fast, on the order of
0.5 ps [51], corresponding to a characteristic frequency of 2 THz. El-Nahass et al.
found dielectric relaxation times on the order of 7 ~ 10 ps and 1 s for Si and ZnPc
respectively [166], corresponding to frequencies of f ~ 100 GHz and 1 MHz. James
et al. used spectroscopic measurements of MoOPc (molybdenum phthalocyanine)
on ITO glass and the Cole-Cole model to find a mean dielectric relaxation time of
942 yis [167], corresponding to a frequency of 1.06 kHz and Thurzo et al. measured
a dielectric relaxation time constant that they attribute to the bulk of the CuPclayer
ina Ag/CuPc/ITO device of 7 ~ 100 ps [168], corresponding to a frequency of f =~
1600 Hz. For a detailed discussion of relaxation processes in polymers, see [169]
and for models applied to OPV materials see [165]. Roughly assuming that the
slowest dielectric relaxation time constant corresponding frequencies are at least
in the kHz range, KPFM performed with an AC bias oscillation frequency of 800
Hz should allow real measurement of the LCPD on thin films of CuPc and PTCDI.
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4,2 PTCDI and CuPc for OPVs

4.2.1 Sample Requirements

In order to study the nanoscale morphology of an organic heterojunction,

an OPV sample must:
1. Form heterojunctions between regions of donor and acceptor molecules

2. Have relatively flat morphology accessible for imaging by NC-AFM (or other

imaging techniques)

3. Have well defined film structure and be isolated electronically to avoid com-

plications from other structures such as defects and traps

We therefore attempt to grow a well defined crystalline thin film of donor and
acceptor molecules with isolated heterojunctions on an atomically flat insulating

substrate, to be characterized by NC-AFM and KPFM.

4.2.2 Energy Level Considerations

The growth of PTCDI on alkali halides is now well characterized and con-
trollable [82,91]. As luck would have it, PTCDI is an electron acceptor molecule
(though generally PTCDI derivatives with long functional groups are used in OPVs
[170]), with an electron affinity of ~3.9 eV (LUMO energy) and an ionization po-
tential of ~5.9 eV (HOMO energy) [171]. CuPc was selected as an accompanying
donor molecule because it is a well studied small molecule widely used as an elec-
tron donor in OPV cells (as well as a hole-injection material in OLEDs) due to
its efficient light absorption and high hole mobility [54,172]. It has an electron

affinity (LUMO energy) of ~3.5 eV and an ionization potential (HOMO energy)
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Figure 4.4: Energy level diagram for PTCDI (electron acceptor) and CuPc (electron donor)
OPV heterojunction. Dashed lines indicate range of excitons with energies greater than the
difference between CuPc HOMO and PTCDI LUMO (~1.3 eV, indicated by green arrows),
for which efficient charge separation is expected

of ~5.2 eV [49,173]. It also has high thermal and chemical stability, and can be
thermally evaporated under UHV. The schematic energy level diagram for the
resulting heterojunction illustrated in Fig.4.4 shows that PTCDI and CuPc are a
reasonable donor-acceptor combination for OPV behaviour.

Efficient exciton dissociation is expected if the excitation energy is larger
than the difference between the ionization potential of the donor and the electron
affinity of the acceptor [137]. Thus, electrons from excitons produced in the CuPc
will transfer to the PTCDI, and holes from excitons produced in the PTCDI will
efficiently transfer to the CuPc if the exciton excitation energies exceed the differ-
ence between the CuPc ionization potential and the PTCDI electron affinity. The
difference between the donor ionization potential (CuPc HOMO, ~5.2 eV) and the

acceptor electron affinity (PTCDI LUMO, ~3.9 eV) is ~1.3 eV.
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Confusingly, HOMO and LUMO values reported in the literature (as well
as ionization potential and electron affinity) can refer to both the transport gap, E,
(the energy needed to create molecular anions and cations, also the energy needed
to produce free charge carriers) and more commonly, the optical gap, E,,,, which is
determined by optical absorption and actually includes excitons and other relax-
ation energies (and is therefore more narrow) [174]. The excitation energy of an
exciton is given by the transport gap minus the exciton binding energy (also called
the charge separation energy) and any other relaxation energies. Exciton binding
energies are typically 0.1 to 0.2 eV according to Peumans et al. [137] or 0.4 to 1.4
eV according to Hill et al. [174]. The HOMO-LUMO gaps of CuPc (~1.7 eV) and
PTCDI (~2.0 eV) given here are optical, and therefore include absorption forming
excitons. Thus, although charge transfer should be efficient for any excitons with
energies greater than ~1.3 eV (neglecting any band bending effects), dissociation
will not necessarily result in the creation of free charge carriers, and lower energy

charge transfer trap states may be formed instead.

4.2.3 Absorption

To provide a rough prediction of which wavelengths of light should excite
each molecule, the thin film optical absorption spectra were estimated by aver-
aging results from the literature [49, 86, 137,175, 176], given in Fig.4.5. PTCDI
absorbs strongly in the blue and green while CuPc absorbs strongly in the yel-
low, orange and red, conveniently allowing the two molecules to be probed semi-
independently, and the resulting device to absorb across much of the solar spec-
trum. While photon absorption can result in a rich variety of processes (see Fig.4.3a),

for these materials we may expect among them the formation of excitons needed
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Figure 4.5: Estimated thin film absorbance for PTCDI (red curve) and CuPc (blue curve)
(based on averaged literature results [49,86,137,175,176])

for OPV behaviour. For example, vibrationally dressed Frenkel type excitons are

expected to form in PTCDI films with decay rates on the order of 3 ns [177].

4.3 Results

4.3.1 Growth

The molecules were thermally deposited, first CuPc (at ~350 °C) and then
PTCDI (at 315 °C), onto room temperature KBr under UHV (as detailed in previ-
ous chapters). Both undergo Volmer-Weber growth to produce crystalline islands
with no wetting layer. CuPc forms tall, mountainous islands along the KBr step
edges. Initial depositions of CuPc produced islands so tall that NC-AFM imaging
was very challenging (some of the few successful images shown in Fig.4.6). In
attempt to reduce the CuPc island height, low coverages and multiple deposition
steps were used in subsequent experiments (based on tailoring growth consider-

ations discussed in Chapter 3 and [82]). Simultaneous molecular resolution on



104 CHAPTER 4. ORGANIC PHOTOVOLTAICS

(nm]

nm])
13

[nm] [nm]

Figure 4.6: 3D rendered NC-AFM images of 0.3 ML CuPc deposited on KBr. Interestingly,
the similar island shapes present in (a) are not the result of tip convolution

CuPc and atomic resolution on the underlying KBr is very difficult to achieve due
to the height of CuPc islands. Thus, as of yet we are unable to determine the
CuPc structure, but it is most likely one of the two well known phases (a-phase
or 3-phase) comprised of tilted planar stacks or columns of CuPc molecules [54].
PTCDI forms the familiar needle-shaped islands, with the same structure as in pre-
vious studies [82,91], and the combined film of both molecules deposited on KBr
is shown in Fig.4.7.

If PTCDI is deposited prior to CuPc, the CuPc appears to grow on top of
the PTCDI islands, as shown in Fig.4.8. Although the interface structure cannot
be determined by AFM, it appears to be a smooth, well contacted donor-acceptor
interface. Efficiency losses are frequently attributed to interfacial defects and grain
boundaries. This data, combined with the evidence of 7 orbital electron interaction
between CuPc and the similar molecule PTCDA observed by Gordan et al. [178]

suggests that these materials form promising extended heterojunctions for OPVs.
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Figure 4.7: Morphology of 0.1 ML CuPc and 0.6 ML PTCDI deposited on KBr. (a) mo-
lecular resolution on CuPc, 15 nmx15 nm, Af = -26 Hz, I" = -3.8 {N\/m, image credit Sarah
Burke (b) film overview, 600 nmx600 nm, Af = -3.1Hz, T =-0.4 f{N/m, (c) molecular resol-
ution on PTCDI and atomic resolution on KBr substrate, 20 nmx20 nm, Af =-20.1 Hz, " =

3.0(N/m.

[nml

(nm]
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Figure 4.8: 3D rendered NC-AFM image of 0.5 ML PTCDI deposited before 0.1 ML CuPc.
CuPc appears to nucleate on top of existing PTCDI islands
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4.3.2 KPFM Contrast

Fig.4.9 includes a simultaneous KPFM image acquired during NC-AFM to-
pography imaging, which is then overlayed on the 3D rendered topography to fur-
ther illustrate the correlation between film morphology and LCPD. The flat PTCDI
islands appear red in the KPFM image, corresponding to a high work function (ex-
pected for electron acceptors), and the tall CuPc islands appear blue, correspond-
ing to a low work function (expected for electron donors, from which electrons are

easily liberated).

Z: 18.8num

KPFM
z-scale * ¢
295V
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X: 600.0nm

120nm
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-0.30V

Figure 4.9: (a) NC-AFM topography image from Fig.4.7b with (b) the corresponding
KPFM image, (c) 3D rendered and overlayed (colour mapped to avoid confusion from
lighting effects) to illustrate the correlation between film morphology and CPD minimum
distribution
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Depletion Region

The PTCDI islands that formed in contact with the CuPc islands generally
appear darker in the KPFM images than those isolated on KBr terraces (though the
difference is difficult to quantify because of LCPD variations due to differences in
island size, island edge effects, tip convolution and tip changes). This suggests that
some charge transfer has taken place across the CuPc-PTCDI heterojunction prior
to illumination (similar to the depletion or space charge region that forms around
a pn-junction). Related observations have been made for other organic donor-
acceptor combinations [162,179]. Although charge transfer can occur simply due
to Fermi energy level matching (the same principle used in KPFM), the measure-
ment chamber is not perfectly dark (despite window coverings used) and a small
amount of red light used to detect the cantilever resonance may reach the sample.

Upon closer inspection while imaging, an area between a CuPc island and
a PTCDI island appeared with surprising KPFM contrast, indicated with blue ar-
rows in Fig.4.10. It appears to be a thin bridge of molecules spanning between a
CuPc island located at a KBr step edge and a PTCDI island on the KBr terrace. The
LCPD suggests that the bridge is made of CuPc molecules, but the formation of
such a structure is surprising given the tendency of CuPc to form tall islands. An-
other possibility is that it is PTCDI molecules that exhibit a lower LCPD (~work

function) due to electrons donated from the attached CuPc island.

Molecular Anisotropy

Molecular anisotropy should be considered in OPVs. Different molecular

crystallographic directions may conduct charge carriers differently, and organic
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Figure 4.10: 300 nm x 300 nm (a) 3D rendered topography (b) NC-AFM image and (c)
KPFM image. A thin bridge of molecules spans between a tall CuPc island and flatter,
coalesced PTCDI islands that appears blue in the KPFM contrast

crystal structure and orientation could be an important consideration for device
engineering. Perhaps charge carriers may hop more readily between molecular
rows than along molecules from end to end, or vice versa. Planar molecules such
as CuPc and PTCDA (very similar to PTCDI) have intrinsic optical anisotropy and
anisotropic dielectric functions, as characterized by Gordon et al. [58,178]. KPFM
could prove a useful means of characterizing electronic transport anisotropy by
analyzing the size of the “depletion regions” in different crystalline directions. Al-
though the images achieved here are not high enough quality to perform such
analysis (and tip convolution is certainly a compounding factor), Fig.4.11 illus-
trates possible KPFM characterization of anisotropy in charge carrier mobility. The
area of dark KPFM contrast on the PTCDI island appears slightly fan-shaped, but
would be round if transport were isotropic. KPFM line profiles taken along differ-
ent directions (an example shown in Fig.4.11d of three line profiles taken along
the dashed line), can be used to analyze LCPD as a function of distance from
the heterojunction, similar to analysis performed by Meoded et al. on a GaP pn-

junction [159]. This may yield better results on larger island sizes, and is an area
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for future exploration.

Edge Effects

Different crystalline faces can have different work functions and produce
different LCPD. This can be caused by ordering of polar materials such as mo-
lecules, or surface rearrangements, but even the different faces of uniform perfect
crystals can have different work functions (as predicted by Bloch theorem when
distortion of the periodic potential near surfaces are considered [50]).

Close up images of some islands such as those in Fig.4.11 appear to reveal
interesting LCPD around CuPc island edges. However, more data for rigorous
comparison is required to rule out tip convolution. Differing KPFM edge con-
trast has been observed previously on faceted ZnO thin films, due to the pres-
ence of opposite charge domains formed during various surface rearrangements
[180,181]. Thin films of poly(3-octylthiophene) (P30T) also form domains with
varying KPFM contrast, expected to be related to the existence of dipoles due to
different molecular arrangements [182]. KPFM measurements on 3”-methyl-4"-
hexyl-2,2":5",2":57,27":5"",2””-quinquethiophene-1”,1”-dioxide (T50HM, an elec-
tron acceptor) and regioregular poly(3-hexylthiophene) (P3HT, an electron donor)
[162] resulted in tall crystalline TSOHM islands that occasionally display different

KPFM contrast on the edges than in the middles.

4.3.3 Illumination

The sample was subsequently illuminated during imaging (similar to other
OPV KPEM studies [49, 126,160, 162,183]), with blue laser light (473 nm, 50 mW

max Melles Griot, shown in Fig.1.21.) The laser spot size is ~1 mm but is incident
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Figure 4.11: Possible anisotropy in charge carrier mobility: 150 nm x 150 nm (a) NC-AFM
topography, (b) KPFM and (c) KPFM overlayed on 3D rendered topography images. Blue
short-dashed lines indicate line profiles plotted in (d) and long-dashed lines indicate those
plotted in (e), showing how the topography and LCPD around the heterojunction, which
can be fitted to determine carrier mobility (in the regions indicated by black lines) and
may depend on crystal anisotropy as illustrated in (f)
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on the sample at a glancing angle. Many reflections occur in the reflective chamber
and transparent sample, but a rough estimate of the surface intensity (irradiance)
is 10 kW/m?. The capability for more illumination wavelengths will be incorpor-
ated onto the system in the future. Illumination can induce a change in the work
function of the tip by exciting a surface photovoltage [98], which must be accoun-
ted for. Because KBr is optically transparent, we may assume a constant work
function and attribute the observed shift in KBr KPFM contrast under illumina-
tion to the Si cantilever. As discussed in Chapter 1, the quantitative LCPD values
measured are not easily interpreted due to the complex tip-sample geometry, but
serve as a qualitative means of sample characterization.

Upon illumination, some of the heterojunction contacted PTCDI islands ap-
pear darker in the KPFM image (an example indicated by the blue arrow in Fig.4.12
with corresponding line profiles given), and may disappear or partially disappear
in the KPFM image, while the isolated PTCDI islands undergo very little change
in contrast (note that “Light 1” in Fig.4.12c was taken immediately after the il-
lumination laser was turned on. Thermal drift is particularly apparent in the z-
topography as the piezo contracts to compensate for heating, making the islands
appear taller, while no such artifacts are present in the LCPD as the KPFM feed-
back continues to perform properly). Unfortunately, significant image drift caused
by thermal changes due to the illumination laser prevents image subtraction of
the images collected in this experiment from providing a meaningful direct com-
parison of “before and after”. Also, most LCPD images include several minor tip
changes that are invisible in topography, a clear example of which can be observed
as a red stripe in the dark KPFM image. This is an unavoidable source of error in

the LCPD data collected (and appears to be common in the literature but is of-
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Figure 4.12: 600 nm x 600 nm NC-AFM topography, KPFM and KPFM overlayed on 3D
rendered topography images with KPFM z-scale bar. (a) upper row images recorded in
dark chamber, (b) lower row recorded under illumination with blue laser. Blue arrows
indicate a contacted PTCDI island that displays a noticeable KPFM contrast change under
illumination. Line profiles of (c) topography and (d) KPFM along dashed line in 4 consec-
utive images (2 dark, 2 illuminated), with purple arrow indicating contrast change. “Light
1”7 was taken immediately after the illumination laser was turned on, and thermal drift is
particularly apparent in the z-topography
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ten ignored, for example see [184]), but could be averaged out by collecting and
analyzing a large amount of data.

We attempted to analyze the LCPD changes induced in a “zoomed in” im-
age with more pixels per unit area. Fig.4.13 presents a group of CuPc and PTCDI
islands in which a heterojunction is present. A small change in LCPD upon il-
lumination is observable as the heterojunction contacted PTCDI island appears
somewhat more blue (lower apparent work function). Analysis of the areas in-
dicated by numbers in Fig.4.14 are given in Table 4.1 (the LCPD of each box is
normally distributed from which the peak and standard deviation are measured) .
Unfortunately, the error is still too high to quantify a change in the areas analyzed,
despite the KPFM contrast change observed by eye and in the histogram envelope
shape shown in green in Fig.4.14. The small scale of contrast change may be a
result of charge carrier density saturation. Because charge carriers produced are
unable to escape these isolated islands, coulomb repulsion may serve to prevent
further charge separation from occurring at the heterojunction. This behaviour
may change with island size. The island edges may also play an important role
in charge redistribution under illumination that is overlooked by this analysis, but
again, the edges are very difficult to compare between images due to drift and
noise.

Although a clear difference between KPFM contrast in the dark and un-
der illumination is not measurable everywhere (and more data is needed to verify
these observations), the change in contrast observed for some PTCDI islands (in-
dicated in Fig.4.12) in contact with CuPc islands suggests that illumination has en-
hanced electron or hole transfer across these heterojunctions. We rule out the pos-

sibility that the change in contrast is caused by excitons generated in the PTCDI
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Figure 4.13: A heterojunction close up: 120 nm x 120 nm 3D rendered and standard 2D
NC-AFM topography and KPFM images with LCPD z-scale bar. Top row images recorded
in dark chamber, bottom row recorded under illumination with blue laser. Topographic
details of islands and heterojunction are more visible in 3D rendered images

20v 20v

-0.5V -0.5V

Figure 4.14: Heterojunction areas analyzed on images from Fig.4.13, a) dark and b) illu-
minated, with corresponding values given in Table 4.1. Green histograms indicate KPFM
contrast prevalence over the entire image areas, which were cropped to overlap
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Figure 4.15: Heterojunction analysis of images shown in Fig.4.14, with corresponding val-
ues given in Table 4.1. Counts indicate LCPD distribution in specified areas over (a) whole
images, (b) CuPc, (c) contacted PTCD], (d) isolated PTCDI and (e) KBr. Tip changes can
play a significant role in the contrast shifts observed
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Area | Dark (V) | lluminated (V) | ACPD min (v)
la | 01401 02+0.2 -0.1+0.2
1b | 0.1+0.2 02+0.1 -0.1+0.2
2 1.0+ 0.1 1.0+ 0.1 -0.1 +£0.2
3 1.34+0.3 1.4 4+0.1 -0.1+£0.3
4a 1.34+0.1 144+0.1 -0.1+£0.2
4b 1.24+0.1 1.24+0.2 0.0+0.2

Table 4.1: Comparison of KPFM values in the dark and under illumination, areas indicated
in Fig.4.14

that are unable to separate (illumination has been observed to cause changes in
KPFM contrast on PTCDA due to the presence of excited states that lower the ef-
fective work function [98]), because if the change in contrast were purely due to ex-
citons generated in the PTCDI, then the PTCDI islands isolated on terraces should
display the same change in contrast. Instead, we presume additional electrons in
the PTCDI resulting from charge separation across the heterojunction decrease the
apparent PTCDI work function and shift the corresponding CPD minimum value
closer to that of the CuPc. If the change in contrast is purely due to charge separ-
ation across the heterojunction, both molecular species should undergo the same
net change in charge. However, this is difficult to verify this experimentally, as
charge may not be distributed heterogeneously throughout an island volume and
the island geometry may serve to hide the population of charge offset in each is-
land. NC-AFM and KPFM characterization of a range of island shapes and sizes

could prove useful in elucidating these effects.
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4.4 Summary

KPFM contrast on organic donor-acceptor thin films of CuPc and PTCDI
was observed. CuPc had the lowest LCPD, corresponding to the smallest work
function consistent with being an electron donor. Isolated islands of PTCDI on
KBr terraces had high LCPD, corresponding to a high work function consistent
with being an electron acceptor. However, PTCDI islands in contact with CuPc is-
lands often appeared to have intermediate LCPD, suggesting that some transfer of
electrons occurs from the CuPc across the heterojunction to the PTCDI even in the
absence of illumination (neglecting a small amount of light from the cantilever de-
flection laser and around window coverings). This is similar to the space-charge or
depletion region that forms around a pn-junction. Upon laser illumination, some
further change in heterojunction-contacted PTCDI island KPFM contrast was ob-
served, suggesting that charge transfer is enhanced as expected in OPV behaviour,
but more data is required to verify these findings.

This data is among the first examples of KPFM performed on clean crys-
talline organic solar cell donor-acceptor materials under UHV. Molecular resolu-
tion was not achieved in this experiment, but the resolution demonstrated here
suggests that high resolution simultaneous NC-AFM and KPFM imaging with a
doped Si cantilever is possible. Although these early results may provide more
questions than answers (about charge transfer, molecular anisotropy, edge effects,
enhanced transfer under illumination, and heterojunction structure-function), a
substantial amount of multidisciplinary research is needed to better understand
OPV behaviour and apply it to device optimization. Structure-function relation-

ships in donor-acceptor materials can be explored with simultaneous NC-AFM
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and KPFM on clean, crystalline samples grown under UHV. Understanding the
fundamental physical processes of solar energy harvesting will light the way for

future OPV devices.



5

Conclusions and Outlook

5.1 Conclusions

Organic thin films are technologically relevant due to their optoelectronic
properties and huge advantages over silicon based materials in materials costs and
manufacturing processes [1-3]. The device relevant properties of organic films are
dependent on film structure. Molecular growth differs from that of inorganic ma-
terials due to influences from internal degrees of freedom, van der Waals force in-
teractions and large area interaction potentials [74]. As such, molecular thin films
may be more prone to post-deposition ripening processes such as the dewetting

of PTCDI on NaCl (see Fig.5.1) characterized in Chapter 2. The ability to anticip-

Figure 5.1: Dewetting of PTCDI deposited on NaCl. 400 nm x 400 nm NC-AFM images
3D rendered

119
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Atomically flat + heat +pits + gold

Figure 5.2: Tailoring the morphology of PTCDI on alkali-halides with growth conditions
and surface restructuring. All images 600 nm x 600 nm NC-AFM

ate and selectively trigger changes in morphology marks an important step in the
engineering of future organic devices [91].

Roughening and loss of film continuity are generally detrimental to or-
ganic electronic and optoelectronic device operation. However, heterojunctions
are necessary for exciton dissociation in OPVs, so producing and maintaining a
heterojunction-dense morphology for photovoltaics is crucial. The influence of gr-
owth conditions and surface structuring were investigated in terms of controlling
the resulting film morphology (see Fig.5.2) in Chapter 3, with the ultimate goal
of controlling the functional properties of optoelectronic devices [82]. The work
presented here on PTCDI should translate to other molecular systems and may
prove useful in designing and tailoring active layers of future organic thin film
devices.

Organic photovoltaics represents an exciting technological application for
molecular thin films with huge potential for growth in green energy. Morphology
is known to play a crucial role in OPV device operation, but the specific mechan-
isms by which film structure influences performance are unknown [121,122,124,

126-129,183,185]. Preliminary studies of UHV deposited thin films of PTCDI and
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Figure 5.3: Organic photovoltaic behaviour of CuPc and PTCDI deposited on KBr. 600 nm
x 600 nm NC-AFM images 3D rendered with KPFM overlay

CuPc performed with NC-AFM and KPFM (see Fig.5.3) were presented in Chapter
4. Although significant future research is required to fully understand and exploit
the fundamental processes of organic energy harvesting, simultaneous NC-AFM
and KPFM have been demonstrated as a promising approach to characterizing the

structure-function relationship in molecular photovoltaic films.

5.2 Future Experiments

5.2.1 OPVs in an Electric Field

An external electric field applied across an organic electron donor and elec-
tron acceptor thin film should allow the manipulation of charge carriers, and per-
haps enhance exciton dissociation [186]. An experiment of this nature has already
been attempted in the JEOL system but has yet to meet full success. The experi-
mental procedure (developed with the help of Shawn Fostner) takes place entirely

under UHYV as follows:

1. KBr samples are cleaved and masked with a Cu TEM grid on a retractable
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mount (made by Shawn Fostner [187]) which is cut such that a single, 80 nm
thick TEM beam covers a line across the centre of the sample. The beam can
be oriented approximately along the [110] direction to produce a difference
between PTCDI islands oriented along the [110] and [110] directions under

applied bias

~30 nm of Au is subsequently deposited to produce two Au contact pads
separated by ~80 um. The mask is removed and examples of the resulting

film are shown in Fig.5.4 and Fig.5.5

. A sub-monolayer film of molecules is thermally deposited (across the entire

sample surface)

Contact foils are pressed on using a magnetic tool mounted on a transfer rod

(also made by Shawn Fostner [187])

. The completed assembly is then transferred from the preparation chamber

to the imaging chamber

Electronic feedthroughs connected to the AFM sample stage allow the ap-
plication of a bias across the contacts to produce an electric field. The applied

bias causes a visible change in SEM contrast, as shown in Fig.5.5b

While each individual step is certainly feasible, experimental success re-

quires the success of every consecutive step, which at this point has not been

achieved despite several attempts. Typically, many (5 to 12) in situ cleave attempts

are needed to produce a KBr sample that appears flat across the entire (001) sur-

face (see Fig.5.4a), with no visible steps that could result in Au contact pad dis-

continuity. Once an ideal surface has been prepared, the masking and deposition

processes are generally highly successful, but pressing on the contact clips and
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#1388 188rmm

Figure 5.4: An attempt to observe the OPV behaviour of CuPc and PTCDI deposited on
KBr in the presence of an electric field. (a) Freshly cleaved KBr (001). (b) Au pads and
molecules were deposited on the KBr, and contact foils pressed into place. The red oval
indicates the contact clip protruding from the sample that came into conflict with the can-
tilever chip on approach. (c) In attempt to reach the sample surface without touching the
contact foil, an etched gold wire tip (made by Shawn Fostner [187]) was used instead of us-
ing a regular Si Nanosensors cantilever. Although imaging became possible, the Au wire
ended in a multi-tip, as seen in the 500 nm x 500 nm NC-AFM (d) and KPFM (e) images.
(f) An attempt to gently alter the tip termination through gentle contact with the sample
ended in disappointment

transferring the assembly to the imaging chamber are opportunities for the Au
pads to crack or de-adhere resulting in contact failure. Even successful assemblies
have potential for other, more subtle means of failure. Two of the best experimental
attempts made thus far are described as a proof of concept.

In the experimental attempt shown in Fig.5.4, the sample was assembled
successfully but the contact foils protruded too far for a typical cantilever to ap-
proach the surface without the cantilever chip coming into contact (see Fig.5.4b).

A longer etched gold wire tip (fabricated by Shawn Fostner [187]) was substi-
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Figure 5.5: A second attempt to observe the OPV behaviour of CuPc and PTCDI deposited
on KBr in the presence of an electric field. (a) Au pads deposited on KBr. (b) Contact foils
pressed on, and a voltage of -10 V is applied to the right contact pad to verify connection.
(c) The cantilever is approached to the surface and the SEM is used to occasionally check
position relative to the gap. (d) Imaging is possible under an applied electric field, which
induces only minimal drift (tip-sample position changes on the order of 50 nm within mo-
ments of applying -5 V to the right contact as shown). Unfortunately, the sample surface
was nanoscopically very jagged with a high density of steps along the entire gap between
Au pads, as verified by (e and f) typical 300 nm x 300 nm NC-AFM images with a z-height
on the order of 20 nm, unsuitable for experiment. (g) An optical microscope image taken
ex-situ showing the high density of steps around the 80 ;xm gap, belied by the macroscopic
appearance of smoothness

tuted (see Fig.5.4b), and reached the sample successfully. Unfortunately, it did
not provide high image quality due to the presence of a multi-tip, as seen in the
NC-AFM image in Fig.5.4d. A controlled indentation was attempted in the hopes
of altering the tip termination for the better, but instead it was destroyed, as seen
in Fig.5.4f.

Another experimental attempt is depicted in Fig.5.5. In this case, each step

in the assembly was successful, but upon imaging the KBr substrate was found
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to be extremely jagged despite appearing macroscopically flat. Vain imaging at-
tempts were made along the entire length of the gap between gold electrodes, but
in many places imaging was not possible and otherwise the surface was simply too
jagged to be of use. Typical NC-AFM images obtained are shown in Fig.5.5e and
Fig.5.5f, with small terraces and large z-heights on the order of 20 nm that make
characterization of CuPc and PTCDI thin films impossible. The high step density
was later confirmed by ex situ optical microscopy, an image of which is shown in
Fig.5.5g.

This sample did however succeed in verifying that simultaneous NC-AFM
and KPFM imaging in the presence of an applied electric field is possible with
manageable drift. Fig.5.5d shows the tip approached to the gap with a bias of -
5 V applied to the right hand side contact pad, which (when applied across an
~80 pm gap) corresponds to an electric field of ~ 60 kV/m. This is well below
the dielectric breakdown field of KBr of 70 MV /m [188]. NC-AFM images taken
before and during the applied bias showed a change in tip-sample position of ~50
nm, and ceased to drift noticeably within moments. Future experimental attempts
will hope to combine the success of all consecutive sample preparation steps with

useful NC-AFM and KPFM OPV sample characterization.

5.2.2 Instrumentation

Additional illumination wavelengths will be incorporated onto the system
for future experiments in order to probe a larger spectrum of organic photovoltaic
behaviour. For example, red light can be used to selectively excite the electron
donor, CuPc, for comparison with blue light experiments exciting the electron ac-

ceptor, PTCDI. This can be accomplished through the use of multiple lasers (pos-
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sibly with tuneable wavelengths), or by combining a broad spectrum lamp (such
as a Xe-arc lamp) with a monochromator for wavelength selection.

An external vacuum deposition chamber will allow the deposition of thicker
samples on the order of 100 nm (such a large organic deposition would be det-
rimental to the clean UHV environment) for use in collaboration with Dr. Car-
los Silva’s group at Université de Montreal. The Silva group will perform time-
resolved optical spectroscopy characterization of electronic processes through tem-
perature dependent photoluminescence measurements. This will compliment the
spatially-resolved scanning probe microscopy characterization techniques presen-

ted here.

5.2.3 Sample Improvements

Producing grain boundaries between connecting PTCDI islands should al-
low for the study of exciton and charge carrier transport across barriers, and such
a film could be created with a multiple stepped deposition. Larger PTCDI islands
will allow better characterization of KPFM contrast as a function of distance from
heterojunctions, and could possibly reveal anisotropic charge carrier conduction
due to the anisotropic nature of the molecular island crystals. The molecular thin
film morphology can be tailored by growth parameters and substrate structure, as
discussed in Chapter 3.

The height of CuPc islands is a barrier to NC-AFM imaging resolution, so
a change in electron donor material is in order. For in situ preparation in the
JEOL system, we require small molecules that are possible to thermally evapor-
ate. Several small molecule electron donor candidates exist, among which penta-

cene appears quite promising [137,148,157,189]. Pentacene thin film growth is
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well studied on a variety of surfaces [84, 85,190-192] (including the alkali-halide
KClI [193,194]). It has been imaged with high resolution STM [195] and recently
AFM [196], and is generally used for applications such as thin film transistors
[2,197] and organic photovoltaics [198-201].

Additional electron acceptor materials are also of interest. Fullerene de-
rivatives (such as [6,6]-phenyl-C61-butyric acid methyl ester) are generally the
electron acceptor materials of choice, given their high electron affinity and mo-
bility [124,130]. Cg has previously been well studied on alkali-halides [66,90], but
has relatively low photon absorption in the visible range (due to symmetry low
energy transitions formally dipole forbidden [202]). Therefore a larger, less sym-
metric fullerene such as C7, with higher absorption may prove a better alternative

electron acceptor choice [124,202].

5.2.4 Ambient Contaminants

Organic photovoltaics layers feasible for use in real world devices are ne-
cessarily grown in ambient conditions to allow economic, scalable manufacturing.
Solution processing is by far the most popular means of deposition [131-133], and
such environments generally facilitate the incorporation of contaminants. Oper-
ation under ambient conditions (where the active layers are exposed to air) typ-
ically proves catastrophic [124,125]. The influence of adsorbates on crystal gr-
owth in general has long been studied [203], but the specific mechanisms by wh-
ich adsorbates induce traps and degrade OPV device performance are not known.
Studies of organic thin films exposed to and deposited in air (or oxygen or water-
rich environments) could be performed with NC-AFM and KPFM. Some solution

based crystal growth modes tend to push impurities present to grain boundaries
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(for example, impurity rejection is known to occur in ice formation [204-206]). It
may also be possible to design solution based organic film growth processes such
that contaminants present are not incorporated in crystals in attempt to minimize

negative impact on device performance.

5.3 On the Horizon

5.3.1 A Call for Modeling

Modeling, such as with density functional theory and kinetic Monte Carlo
[83-85,207,208], could play a huge role in discerning the influence of kinetic factors
and individual molecular scale dynamic processes on organic thin film growth. A
predictions-based approach to active layer design could improve systems choices
to complimentary molecule - substrate combinations and suggest a range of or-
ganic growth and device operation conditions. Many molecular processes con-
tributing to dewetting and ripening phenomena are of interest, including inter-
layer mass transport, kinetic energy loss mechanisms, and molecular rotation and
translation across various substrates and crystal faces. The anisotropic nature of
molecular growth and mechanisms of nucleation at defect sites are of particular
interest in terms of tailoring film morphology. The ability of gold nanoclusters to
modulate the growth of needle shaped PTCDI islands is not currently understood.

In addition to crystal growth and structure, a better understanding of the
electronic and optoelectronic properties of molecular assemblies would prove in-
strumental to device development (perhaps especially in systems where multiple

growth modes exist). For example, multi-exciton generation [209] via singlet fis-
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sion is a hotly debated phenomenon that is currently poorly understood, but may
prove instrumental in energy harvesting [210-212]. An accurate model could help
to predict and explain this processes. The ultimate goal is to fully understand and
control molecular thin film growth, ripening behaviour, and functional properties
as well as to provide a range of operating conditions (ie. temperature, environ-

ment and lifetime) for organic thin film devices.

5.3.2 Integration Challenges

The work presented here has focused entirely on characterizing the beha-
viour of isolated organic thin films. However, the ultimate goal is the integra-
tion of thin films into working devices for technological applications from organic
photovoltaics to light emitting diodes to transistors. A conceptual drawing illus-
trating the key physical processes in a CuPc and PTCDI planar device in which
the electrodes are used for charge collection is shown in Fig.5.6. Many additional
challenges arise upon incorporation into devices. For example, contact electrode
interfaces can act as barriers to energy harvesting with OPVs. Exciton blocking lay-
ers are commonly used to prevent exciton quenching at the active layer - cathode
interface, significantly increasing device efficiency [59,173,213]. The performance
of a solar device depends on incident light reaching the active layer, and photonic
nanostructures can be used to increase light capture efficiencies by acting as wave-
guides and light injection devices [214]. Many such advances have been made and
many future challenges await as development continues towards the bright future

of functional organic thin films.
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Figure 5.6: An artist’s interpretation depicting key physical processes in a CuPc/PTCDI
planar photovoltaic device illustrated by Ben Topple



A
Video Flip Books

The flip books on the following page depict the dewetting of PTCDI depos-
ited on NaCl at room temperature:

1. Ouverview. Stable islands grow at the expense of metastable islands th-
rough mass transport. Needle islands grow in both height and area, and tend to
elongate rather than widen. Substrate areas with high step density tend to contain
many small needle islands and dewet quickly, while areas with low step density
tend to slowly form fewer, larger islands as dewetting is limited by diffusion and
nucleation site density.

2. Layer-by-Layer. Layer-by-layer growth of the lightning bolt shaped (bulk-
like needle structure) island in the middle is visible, as well as mass transport and
Ostwald ripening of the surrounding square shaped islands.

3. Nucleation. Needle island growth is nucleated between images at a po-
sition where the AFM tip interacted with the surface, producing a small local re-
arrangement or indentation. Coalesce and suppression are visible in the resulting

needle island growth.
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1. Grasp flip book with| 2. Slide thumb across
left hand, pulling all || page edges and watch
pages to left upturned images

s ——

Figure A.1: How to use video flip books. Note that time increases from back to front
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Low Temperature Experiments

Cooling PTCDI on alkali-halide samples in situ was attempted in the hopes
of slowing thermally driven kinetic processes. As a first approach, samples were
prepared by thermal evaporation in the preparation chamber and then quickly
transferred into the measurement chamber sample stage. The stage was pre-cooled
by the liquid nitrogen filled cryostat to ~80 K. The AFM tip was approached and
thermal changes slowed enough to allow imaging within a few hours. Upon ima-
ging, the low temperature islands appeared rounded as illustrated in Fig.B.1. The
rounded shape affords the possibility that the 2D gas phase freezes out upon cool-
ing and joins the existing square shaped islands in at sites that with lower coordin-
ation than are favourable at room temperature. However, the islands roughen sig-
nificantly with successive imaging as illustrated in Fig.B.2, eventually becoming
unrecognizable. This puzzling behaviour was repeated in three separate experi-
ments, and it was thought that perhaps the tip interaction induced local heating of
the surface to produce this change in morphology.

A Kurt J. Lesker Mini-EVP Flange Mounted Thermal Evaporator was pur-
chased and modified (machining by Pascal Bourseguin) to allow evaporation of
molecules directly onto cooled samples in the measurement chamber. By mount-

ing the evaporator on a measurement chamber flange (as illustrated in Fig. B.4)

173



174 Appendix B. Low Temperature Experiments

Figure B.1: Comparison of samples of 0.2 ML of PTCDI deposited on NaCl, quickly trans-
ferred to (a) room temperature and (b) liquid nitrogen cooled AFM sample stage. Both
NC-AFM images 1 pmx 1 um, with elapsed times of (a) 143 min and (b) 270 min since
deposition onto room temperature substrates in preparation chamber

Figure B.2: 600 nm x 600 nm NC-AFM images of 0.2 ML of PTCDI on NaCl and trans-
ferred to liquid nitrogen cooled AFM sample stage at (a) 163 min, (b) 1305 min elapsed
time since deposition onto room temperature substrates in preparation chamber. The ef-
fect of previous smaller sized imaging is apparent in (b)

and manually retracting the tip, it is possible to evaporate through a hole in the
middle of the sample stage. Coarse manual tip retraction serves to shutter the

deposition, as well as allowing a quick approach when ready to image. (The
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Approximate dimensions:

. Evaporation path “ Can (stainless)

~ through stage
~115.mm
N

 0=40° Hale
v‘89.4 mm (
6.4 mm+
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~118 mm N

can ~124 mm

Figure B.3: Evaporator design featuring quartz crucible of molecules sitting in tungsten
basket filament mounted on long copper electrode “legs”. Assembly housed in can with
hole for evaporation, flange mounted with Lesker Position Adjuster for alignment

deposition-to-imaging turnaround time can be as fast as ~8 minutes in this con-
figuration). A schematic of the evaporator design is illustrated in B.3 and the in-
stallation process is documented in Fig.B.4.

Room temperature testing of the evaporator was successful, however com-
plications arose during low temperature experiments. Fig.B.5 shows successive
images of a freshly cleaved clean NaCl surface with elapsed time since placing it
in the cold stage. The growth observed is not that of PTCDI molecules, but rather
of adsorbates from the vacuum. Indeed, the sample (and surrounding cold stage
assembly) cryo-pumps the main chamber. The rule of thumb for estimating mono-
layer formation time is that it takes ~1 s to form 1 ML at a pressure of 1 x107° torr
at room temperature with typical vacuum gas partial pressures and 100% sticking
probability (based on the Hertz-Knudsen equation). This scales with 1/pressure,
and therefore a back of the envelope calculation for our vacuum pressure of 2.7
x107® Pa (or 3 x107'? torr) places the monolayer formation time for 100% sticking

probability at ~180 minutes. The observed growth is within a factor of 2 or 3 of
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of

2 4
Filament Current (A)

Figure B.4: Installation of measurement chamber evaporator. (a) Measurement chamber
front view showing planned positioning of evaporator. (b) Modified Lesker Mini-EVP
titted with a red LED to test alignment through SPM stage (can removed). (c) LED test of
alignment. (d) Final installation with quartz crucible of PTCDI molecules in W filament.
(d) Temperature calibration curve from thermocouple testing in a small vacuum chamber
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this (imprecise due to tip-induced growth and difficulty in judging when a com-
plete monolayer has formed). Therefore there is a high sticking probability (~30%)
on NaCl (001) at ~80 K. At room temperature NaCl samples are kept on the order
of 8 days before noticeable adsorbates are observed, generally only at step edges

and kink sites.

600nm 83 min 300nm 104 min 300nm I13 min 100nm I37 min 600nm 245 min

S T T e
RS A

600nm 262 min 600nm 282 min

600nm 1723 min

Figure B.5: Adsorbates apparently encouraged by scanning to create “burn box”-like areas
on the previously clean NaCl surface as it cools. Text indicates scan size and time elapsed
since placing the sample in the cold stage

Means of working around this problem were considered. A reduction in
base pressure is infeasible (2.7 x10~® Pa is already quite good). Use the variable
temperature (VT) heater mounted on the cryostat was attempted for the first time
on this system, after a spike in chamber pressure was noticed upon warming up at

a cryostat temperature of about 120 K. Unfortunately, the heater burned out almost
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immediately (the resistance across it changed from 8 Q) to 12 k(2) despite careful
control with a Lakeshore Model 331 Cryogenic Temperature Controller. JEOL has
discontinued production and all technical support for this product.

The use of a cold finger to cool a sample stage in a large, predominantly
room-temperature vacuum chamber appears questionable as a viable means of
performing surface characterization at low temperature given the propensity of
cold surfaces to cryopump the system, and therefore we draw no conclusions as

to the effect of deposition on a cold substrate.
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Graphene building blocks

A recent publication by Cai et al. explored the bottom - up assembly of
graphene nanoribbons by surface assembly [215]. 10,10’-dibromo-9,9’-bianthryl
(DBBA) molecules were deposited on Ag(111) and Au(111) surfaces, upon which
the molecules lose their halogen substituents (the Br atoms disappear, leaving only
C and H behind). The sample is then heated, and the biradical molecules diffuse
across the surface to form linear polymers by radical addition. The system is fur-
ther heated and a second thermally activated process takes place, surface-assisted
cyclodehydrogenation to produce an extended, fully aromatic system: a graphene
nanoribbon.

It seems possible for DBBA molecules to also lose their Br substituents when
deposited on KBz, and thus we attempted a similar experiment. Discussions with
chemistry colleagues revealed that strong molecule - substrate interactions are cru-
cial in stabilizing the radicals [216]. To test the interactions on KBz, 0.3 ML of DBBA
molecules (St-Jean Photochemicals) were thermally evaporated at a temperature of
140 °C onto room temperature KBr. The resulting growth is shown in Fig.C.1.

From the images presented, it is clear that molecule - molecule interactions
dominated during growth to produce tall, compact islands of DBBA on KBr, and

that molecule - substrate interactions are too weak to form the desired wetting
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Figure C.1: DBBA molecules (a) structure and (b) space fill (both rendered using Marvin
by Chem Axon), (c and d) 3D rendered NC-AFM images of 0.3 ML DBBA deposited on
KBr

layer (on room temperature substrates). Our chemistry colleagues also suggested
that deposition onto salt surfaces may lead to halogen exchange rather than radical
formation [216]. Given that the growth mode observed was not ideal (flat) and the
biradical precursors necessary for graphene nanoribbon assembly may not have
formed, DBBA deposited on room temperature KBr appears to be a poor system
candidate for producing surface assembled graphene.

Kittelmann et al. very recently achieved covalent linking of several hal-
ide - substituted benzoic acids on a different insulating surface, calcite [217]. In
this case, surface calcium cations strongly interact electrostatically with molecu-
lar carboxylate groups, effectively tethering the molecules to the surface and pre-
venting desorption such that homolytic cleaving temperatures can be reached to
link the molecules. This seems unlikely to occur on alkali halide surfaces given
their typical weak interaction with deposited molecules. However, bianthryls
with iodine substituents may react more readily than those with bromine substitu-
ents [216], and for the right combination of molecule, substrate and experimental

conditions, surface assembly of graphene on alkali halides may yet be possible.



D
The Bling Ring

A ring of LED lights was created to mount on a 2-3/4 inch window flange
to illuminate the sample stage while allowing simultaneous optical access for a
camera (see Fig.D.1 and Fig.D.2). The body was machined out of acrylic with
the assistance of Shawn Fostner and Pascal Bourseguin. This design has proved
popular and has been reproduced by admirers for other UHV systems around the

world.

a)

to PWR” |
supply |

~ LEDs in llel

Figure D.1: The Bling Ring (a) illustration and (b) circuit diagram. Resistor values should
be chosen for appropriate current limitations to the LEDs used
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Figure D.2: The Bling Ring in operation



E

Connections

The schematic setup for frequency modulation using the nanoSurf PLL Sen-
sor amplitude controller and FM detector (hardware modified from original con-
tiguration by Yoichi Miyahara) are given in Fig.E.1. The detection signal from
the photodetector, (A-B), corresponds to cantilever oscillation in the normal mode
(causing a change in voltage detected between the two quadrants) and is input
to the Sensor amplitude controller box. Software is used to set a variety of para-
meters such as the reference cantilever resonance frequency, fo, frequency shift
setpoint used for imaging, ¢ f, the lock range, and gains. Other parameters such as
the oscillation amplitude setpoint and constant phase difference are set directly on
the hardware. The automatic gain controller (AGC) is used to maintain a constant
cantilever oscillation amplitude by controlling the amplitude and phase of the ex-
citation signal. The phase locked loop (PLL) is used to find the frequency shift, Af,
between the free oscillation resonance frequency, fj, and the observed oscillation
resonance frequency, fosciiation, s output and used for distance control and KPFM
as discussed in Chapter 1. The detailed connections and settings used for perform-
ing simultaneous NC-AFM and KPFM on the JEOL system in our laboratory are
shown in Fig.E.2.
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cantilever
deflection nanoSurf PLL Sensor amplitude controller
@foscillation f Voscillation
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Figure E.1: Schematic setup for frequency modulation using nanoSurf PLL hardware
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