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Abstract

The microstructure of ultrathin organic semiconductims (1-2nm) on gate
dielectrics plays a pivotal role in the electritgnsport performance of these films in
organic field effect transistors. Similarly, orgafoirganic interfaces play a crucial role in
organic solar cells and organic light emitting died Therefore, it is important to study
these critical organic interfaces in order to dates thin film microstructure and
electrical performance. Conventional charactemratechniques such as SEM and TEM
cannot be used to probe these interfaces becauseeofequirement of conducting
substrates and the issue of beam damage.

Here, we introduce a novel contact mode varianatoimic force microscopy,
termed transverse shear microscopy (TSM), which banused to probe organic
interfaces. TSM produces striking, high contrastages of grain size, shape, and
orientation in ultrathin films of polycrystallinerganic materials, which are hard to
visualize by any other method. It can probe epalaxelationships between organic
semiconductor thin film layers, and can be usedomjunction with other techniques to
investigate the dependence of thin film propertesfilm microstructure. In order to
explain the TSM signal, we used the theory of linglasticity and developed a model
that agrees well with the experimental findings aad predict the signal based on the
components of the in-plane elastic tensor of thepéa TSM, with its ability to image
elastic anisotropy at high resolution, can be vargeful for microstructural
characterization of soft materials, and for underding bonding anisotropy that impacts

a variety of physical properties in molecular syste
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Chapter 1
INTRODUCTION

Organic electronics is emerging as a viable opfiborcreating new and improved
electrical and optical products. The excitemerthanorganic electronics field stems from
its innovative devices and components which areveérfrom tailored organic materials.
The extensive scope of organic electronics includismination, information
displaysilenergy sourced sensors, actuators and radio frequency ideniificaags?!

The compatibility of organic materials with plastabstrates makes these materials an
excellent choice for low cost and easily process#bkible electronick:®

Identifying specific microstructure-property ret@iships in polycrystalline
organic semiconductor films is a key goal for theldf of organic electronicé.”®
Polycrystalline organic semiconductor films playcantral role in different device
structures because their inherent order, relatvearhorphous films, facilitates more
efficient charge transport. Carrier mobilities irystalline organic semiconductors are
generally at least a factor of one hundred grethi@n in their amorphous counterparts,
which is attractive for certain device applicatiossach as organic thin film transistors
(OTFTs), where higher charge mobilities resultéttér performancg:*%111213]

In an OTFT, the current modulation is restrictedh® accumulation layer, which
corresponds to a few monolayers of organic semigciod on top of the gate dielectric.
[14151ag a result, it is the crystalline packing and roatructure of the first few molecular

monolayers of organic semiconductor immediatehaegipt to the dielectric surface that

are critical for transistor performance. Organideifaces are also important in
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determining the performance of other device stmestisuch as organic solar cells and
organic light emitting diod€$®*” In a typical organic bilayer solar cell, it is tmterface

of donor and acceptor thin films where the charmgeasation takes place resulting in a
current. Similarly, in an organic light emittingodie, it is the interface of conductive

layer and emissive layer where the charges of ogegn recombine resulting in light

emission.

Any structural disorder in these ultrathin orgasemiconductor films near the
interface, such as dislocations, impurities, orirgtaoundaries, can hamper the charge
transport and can significantly affect device perfance. For example, in an OTFT,
structural disorder in thin films can reduce thasstion current, increase the threshold
voltage and increase the response time, which Wreetrimental to the transistor
performance. Indeed, recognition of the importaméemicrostructure has lead to
extensive structural characterization of organianisenductor films by X-ray
diffraction*®1%2°2Hand electroff***?* and scanning probe microscdfyf®?"28*lyet
there are still many aspects of organic semicomautticrostructure that are not well
understood and detailed correlations with transpagtrare. One surprising bottleneck to
understanding microstructure-property relationshigs been the difficulty of producing
clear images of grains in extremely thin, coaledegdrs of organic semiconductors on
technologically relevant substrates.

In my thesis, | have worked towards developing & rmariant of contact mode
atomic force microscopy (AFM), called transverseashmicroscopy (TSMjo-31:32:33.34]

which can be used to probe microstructure of Ultrabrganic semiconductor films near



the interface. TSM produces striking, high contrmsages of grain size, shape, and
orientationin films of polycrystalline organic materials. Tigeain orientation mapping
by TSM can be employed to quantify grain morpholagpain boundary density and the
relative proportion of high- and low-angle grainubdaries in ultra-thin organic
semiconductor monolayef¥! TSM can also probe epitaxial relationships between
organic semiconductor thin film layers. It can s=di in conjunction with other surface
characterization techniques such as friction fargeroscopy (FFM) and Kelvin probe
force microscopy (KFM) to investigate the depenaent thin film properties such as
friction and surface electrostatic potential omfimicrostructuré® The thesis project
also involved understanding the fundamental physicgshe novel TSM method by
comparing it with widely used FFM. We have modeted TSM signal based on the
theory of linear elasticity, which proves that th&M signal is sensitive to elastic
anisotropy at the sample surfat®.Further, we also developed a model for strain and
interfacial reconstruction for organic semicondudcton films near the interface in order

to rationalize the observed homo-epitaxial and tihim growth mode transitions.

Thesis Organization:

Chapter 2 This is a background chapter that discusses wsrintermolecular forces

present in organic solids and different moleculacking arrangements. It gives a
synopsis of possible thin film growth mechanismd dascribes basic rate equations that
govern nucleation and growth in organic thin fillBasic differences between an organic

and an inorganic thin film growth are also hightggh A summary of pentacene (a



benchmark p-type organic semiconductor) sub-momolgyowth on various insulating

substrates as a function of deposition parametgreesented.

Chapter 3 The chapter mainly discusses the origin of foicstmeasured by FFM. As the
TSM is new and still in its developmental stagegréhis not enough literature that
describes the fundamentals of this novel technidilds chapter is an attempt to
familiarize the reader with the basic concepts apglications of contact mode FFM,

which is similar to TSM in terms of the working niamism.

Chapter 4 The work described in this chapter has beenigudd as “Distinguishing
Elastic Shear Deformation from Friction on the &aes of Molecular CrystalsPhysical
Review Letterd04 (2010). The chapter gives an introduction to tleekimmg mechanism
of TSM. It highlights the non-activated behaviorf@&M, compared to the activated FFM
signal. A mechanical model describing the originT&M signal is also discussed and a

comparison is drawn between the modeled data anedberimental findings.

Chapter 5 The work described in this chapter has beenighdd as “Grain Orientation
Mapping of Polycrystalline Organic Semiconductorlnfa by Transverse Shear
Microscopy”, Advanced Materials20 (2008). The chapter describes the microstructure
characterization of polycrystalline monolayer thipkntacene films. Pentacene single

crystal measurements are reported in order to g@negrain orientation maps for



polycrystalline monolayer films. Further, monolayeicrostructure is quantified in terms

of grain orientation, grain size, grain shape, grain boundary angles.

Chapter 6 The work described in this chapter has beenighudd as “Observation of
Unusual Homoepitaxy in Ultrathin Pentacene ThinmBiland Correlation with Surface
Electrostatic Potential’Advanced Material21 (2009). For the first time, an unusual non
commensurate homo-epitaxy in pentacene thin filear rihe SiQ interface has been
reported. The TSM is used in conjunction with otherface characterization techniques
such as FFM and KFM to investigate the friction adctrostatic surface potential

dependence on the observed mode of epitaxy.

Chapter 7 The work described in this chapter is a para submitted manuscript titled
“Strain Induced Homo-Epitaxial Transitions and tli&rowth Mode of Organic
Semiconductor Thin Films”. The chapter discussestrain model developed for
rationalizing the observed homo-epitaxial and tiilim growth mode transitions during
the initial growth of organic semiconductor thimnfs. We have also investigated the
generality of the observed microstructure transgidy performing TSM analysis on a

variety of organic semiconducting thin films onfdient substartes.

Chapter 8 The future work describes two current projedtse first project is related to
the friction and TSM studies of organic semicondudingle crystals and the second

project involves the TSM studies of crystalline sgmducting polymer films.



Chapter 2
Organic Semiconductors: Thin Film Deposition andivias Growth

Mechanisms

Understanding the correlation between morphology alectronic behavior of
organic semiconductor thin films requires an intemsstudy of different growth
mechanisms found in organic thin films. The firartpof the chapter describes different
types of bonding that hold the molecules togetimepriganic solids. The second part
discusses first principle rate equations govermmogleation density and subsequent
growth of thin films on solid substrates. It alsesdribes some common growth modes
observed in thin films. The final section of theapker concentrates specifically on the
literature related to the initial growth of pentaega benchmark organic semiconductor)

thin films on a variety of insulating substrates.

2.1 Organic Semiconductors: Types of Bonding and Mecular Packing

Solid state molecular packing and the type of bogdin general, determine the
electronic properties of semiconductors. For orgasemiconductors, it plays an
important role because of the weak forces holdiggmolecules together as compared to
their inorganic counterparts where the atoms aomgly held together by strong covalent
bonds. In inorganic semiconductors, the strongacteons in the form of covalent bonds
give rise to a three dimensional network of intarsected atoms resulting in highly
delocalized charge carriers and large mobility barge carriers. While in organic

semiconductors, a large delocalization of chargeieza is not possible because each
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molecule is bonded to others via weak forces, Likadon and quadrupolar forces. All
organic semiconductors are conjugated moleculessante are crystalline with a high
degree oft overlap between molecules. Theverlap between the molecules depends on
the packing symmeti) and provides delocalized states for charge car@ers an
efficient pathway for electrons and holes. Thera isignificant difference between the
conductivity values of organic and inorganic semghactors. For example, anthracene
(an organic semiconductor) has a typical room teatpee conductivity of ~ & (ohm-
cm)™ and the corresponding value for undoped germaraminorganic semiconductor)

is ~ 10%(ohm-cm).*®) Some common organic semiconductors are showrgir2EL.

SHNONNs
anthracen

S
\ /NS )\

n
COO0 QUL e
tetracen NC CN
CrorCO Q¢ I icw

tetracyanoquinodometha

pentacene Rubren ne (TCNQ)

@@

biphenylbithiphene (BP2T)
/Se
OO0
Se

phthalocyanines (M-Pcs) diphenylbenzodiselenophene (DPh-BDSe)

Figure 2.1 Chemical structures of common organic seiconductors
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There are two classes of organic semiconductotgnars and small molecules.
Polymers are generally solution processed and gjiher amorphous or semi-crystalline
films, while most of the small molecules are thdtynaevaporated resulting in
polycrystalline or single crystal films. Polymersually exhibit lower mobility because of
the lower crystallinity and inefficient packing vehi results in weaket overlap between
the polymeric chain§” For example, the mobility of holes in small molesuis about
two orders of magnitude greater than that in cotidgcpolymers. Small molecules

typically consist of low molecular weight oligomexsd fused aromatics.

ir bonds

| [36]

Figure 2.2poly(p-phenylene vinylene) (PPV)zr molecular orbita
The charge transport in organic molecules cont&ms separate processes:
intramolecular transport and intermolecular tramsgatramolecular transport is feasible
along the so called conjugated bonek.( alternating sequence of single and double
bonds, such as the aromatic rings and polyacetyleams). Electrons in theorbital are
easy to excite, and therefore contribute to thedharge transport along the conjugated

bonds of the molecule.



Figure 2.3 Three possible packings in organic molates: edge-to-face (left),zm-stack

(middle) and herringbone (right)

(a) London Forces

Neutral molecule Neutral molecule
Instantaneous dipole Neutral molecule
Instantaneous dipole V¥ Induced dipole

R >

(b) Quadrupolar Forces

Figure 2.4 Competing forces in organic molecules, ivere red arrows show the dominating
interaction. (a) Schematic shows the origin of Londn force and the resultantsm stack
arrangement, and (b) origin of quadrupolar force ard the resultant edge-to-face packing

motif 8

Crystallization in organic solids is an interplagtween weak forces such as

London forces, quadrupole forces, charge transfduded interactions and hydrogen



bonding. London force arises from the instantaneestron density shift in a molecule,
which induces a dipole in the neighboring molecllee attractive interaction between
the two dipoles is termed as London forgeelectron delocalization on top and bottom
faces of a molecule, along with slightly positivackbone results in two back-to-back
permanent dipole moments, as shown in Fig. 2.4s Toinfiguration gives rise to a

guadrupole and the molecules prefer edge-to-fagamaknt as the like charges repel
each other. Dominating quadrupolar interaction Itestn edge-to-face packing motif,

while stronger London interaction resultstistack packing motif.

Herringbone packing is an intermediate packing whleoth the London and
quadrupolar forces are comparable, as shown in Z§. Family of acen&g and
thiophene” pack in a herringbone arrangement, DM@&Tand series of PTCHF
derivates arer stacked structures and benzene exhibits edgeséogacking motif. All
the molecular arrangements lack in symmetry whesuits in anisotropic mobility of

charge carriers in organic semiconductors.

2.2 Ultra Thin Film Growth: Atomistic View

Growth of thin films from the vapor phase is a remuilibrium phenomenon.
Growth mechanism and resulting film morphology dejse on the outcome of the
competition between thermodynamics and Kkinetics thé thin film growth.
Understanding the basic physics of the thin filmavgth is critical in order to tailor make

the desired quality of films.
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2.2.1 Growth Modes

There are three modes of thin film growth on salithstrates as shown in Fig.
2.5: layer-by-layer mode (the Frank-van der Merwade), layer-plus-island mode (the
Stranski-Krastanov mode) and island mode (the VoMieber mode). When the
interaction between an adsorbed molecule and thestraie is stronger than the
interaction between two molecules, molecules ntelem the substrate forming 2-D
island and grow laterally until islands completebalesce. Only after the completion of
the first monolayer, second monolayer islands ratel®n the first layer and follow the
same growth process giving rise to layer-by-layewgh. In the island growth mode,
small clusters nucleate on the substrate and gtawing into 3-D islands of the
condensed phase without waiting for the lower layercompletely coalesce as shown in
the Fig. 2.5. This mode is favored when the int@wacbetween adsorbed molecules is

stronger than the molecule-substrate interaction.

"""""""""""""""""""" (a) layer-by-layer mode

——————————————————

s (b) layer- plus- island mode

T ! (c) Island mode

Figure 2.5 Thin film growth modes. (a) layer-by-lagr, (b) layer plus island, and (c) island

mode
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The third mode, layer plus island growth mode isirdermediate case. Growth
follows layer-by-layer growth for a single monolay® a few monolayers and then 3-D
islands start growing on top of the 2-D grown layee., there is a shift in the growth
mode from 2-D to 3-D. Possible reasons for the tjnomode shift can be lattice
mismatch or orientation mismatch with respect te #ubstrate, which cannot be
continued to the bulk phase, resulting in high gnanterface and finally leading to
island formation. Film growth by the Stranski-Ki@sbv mode is fairly common and is
observed in many metal-metal and metal-semicondsgstems*?!

Young's equation also provides a criterion to digtish and understand the three

modes of thin film growth.

Yov < Vs +VN ovrvenrnnnns. (island growth)

Ysv > Vs +VV oivivnn.s. (layerby layer growth)

whereysy, = substrate-vapasurface energy
Vis = substrate-film surface energy

viv = film-vapor surface energy

For the Stranski-Krastanov growth, initially at dgalayer-by-layer growth
condition applies, but after a few monolayers hggtergy at the deposit intermediate-

layer interface triggers island formatiify.

12



2.2.2 Atomistic Processes

: Desorption
Adsorption

Interdiffusion

3% \ —> —> —>aat— —>./
® e Old0.0 0000 [ )

Surface Diffusion |ncorporation

Nucleation High energy
into an island sites

Figure 2.6 Atomic processes and characteristic ergies involved in nucleation and growth
During thin film deposition when a molecule getsadbed from the vapor phase

onto a substrate, it keeps diffusing on the sutestatil it is lost by any one of these

modes: (i) gets desorbed from the substrate batlketwapor phase, (ii) nucleates 2-D or

3-D islands by combining with other moving moleaulen the substrate, (iii) gets

captured by the existing islands, (iv) diffuseittie substrate, or (v) gets captured by a

high energy site such as a step. Different enesfiesn in Fig. 2.6 are:

) Ep = Activation energy for diffusion of molecules ¢ime substrate, depends on
the size of the molecule and the molecule-subsinéteaction

(i) Ea = Activation energy for desorption, depends ongh®wunt of supersaturation
and the molecule-substrate interaction

(i)  E = Itis defined as the difference in free energiweeni adsorbed molecules
on the substrate (non-interacting) anaholecules forming an island. It depends
on both the substrate-molecule and the moleculecnt¢ interactions. Critical
numberi is a critical cluster size and represents thatrargleating island having

i atoms is the most unstable: clusters having mwaeitmolecules tend to grow

13



while the clusters having less thamolecules will decay, in order to minimize

their excess free energiéd.

Relative contribution of each process on the@Vgrowth depends on the single
molecule concentration on the substrate, subst@terage and the temperature of the
substrate. As mentioned earlier, film depositioonir the vapor phase is a non-
equilibrium phenomenon. All the processes showmha Fig. 2.6 are re-arrangement
processes. Unstable clusters formed at variougstaggrowth can re-arrange in many
ways like island shape change due to edge diffusilownward transfer of molecules
impinging on top of the existing islands, annealafigiefectsetc. Diffusion thus occurs
at various stages of film growth: the motion ofgéénmolecules to form clusters, the

mobility of clusters themselves and the edge diffiusluring coalescence of islands.

2.2.3 Thermodynamics and Kinetics

Various thermodynamic and kinetic processes comgietifferent stages of thin
film growth. The principle of detailed balance isgortant in describing the properties of
thermodynamic equilibrium state. In order to haveaasorption equilibrium, surface
processes such as condensation, desorption, gramdhdecay of 2-D or 3-D islands
should balance each other. Net growth is zero hadystem can be denoted by a set of
intensive variables such as pressure and temperagwen though the system is
continuously changing at a microscopic le6I.

Thin film growth, on the contrary, is a non-equiitbn kinetic process. The final

state of the system does not depend on the ineemsacroscopic variables but depend

14



on the path taken to reach that state. The stasgsnot be thermodynamically stable,

i.e, in their lowest free energy configuration, bu¢ &inetically favored. Some of the

kinetic rate limiting processes elucidating the seguilibrium nature of the film growth

are as follows:

) In diffusion limited aggregation, surface diffusiohmolecules on a substrate is
the dominating mechanism which governs the groath and shape of islands.
Mostly, the islands grow as dendrite which is m&rimodynamically stable.

(i) Nucleation is toughest on inert, atomically flatfages. The rate limiting step is
the formation of small clusters which can grow heseatheir high surface to

volume ratio increases free enely.

2.2.4 Nucleation and Growth: Rate Equations

The submonolayer film growth on solid substrates lba described as follows:
when a substrate is exposed to the incident vaper,molecules get adsorb on the
substrate and form clusters or islands. At thigestéhe prior nuclei incorporates
impinging molecules and sub-critical clusters growsize while the island density
rapidly saturates. This is followed by the growftstable clusters. The next stage is the
merging of the growing islands by coalesce phenamegrystallographic facets and
orientations are generally preserved on islandsnguthe coalescence. Continued
coalescence results in network formation resultingchannel voids. With further
deposition, channels fill in leaving voids behirkinally even the voids fill up and the

film is said to be continuous.
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In this subsection, few important rate equatioriated to submonolayer growth
are discussed with emphasis on the physical comdephind them rather than the
rigorous mathematics involved in deriving them. #megg that only single molecules
are mobile on the substrate, the nucleation anadbon of the first monolayer can be

understood with the help of the following equations

dn n N

—=R-—=-2U,->» U A
dt r, ,Z:; : ¢
dn _

E— j—l_Uj (22)

Wheren; and n; are concentration per unit area of molecules dndusters of
size j respectivelyR is the incident flux of molecules per unit area peit time,t, is the
mean re-evaporation timeéJ; is the capture rate of molecules by an islandioé s

Dividing clusters into stablg ¢ i) and unstablej € i) and definingn, as the sum of all

the stable clusters via, = Z n, , the above equations (2.1 and 2.2) can be siiexplib:

j=i+l

dn, n, d(nw,)

— 1 =R-——2 - XX 2.3
dt T, dt 23)
an =0 (xj<i) (2.4)

dt =1= '
Ny -u,-u, (2.5)
dt

The last term in equation 2.3 represents the Idsadmolecules tan, stable
clusters with an average numbervgf molecules per cluster. As stated earlier, clusters

with sizej <i are not stable and will decay with time resultingequation 2.4. The last
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two terms in equation 2.5 deals with coalescericgtable clusters impinge on each other
by growth ;) or by mobility across the substratd.f, then the number of stable
clusters will reduce. The terty in equation 2.5 is the nucleation rfé.

% =(i+1U, +o,Dn,n, +RZ (2.6)

The above equation 2.6 governs the growth procésstable clusters on a
substrate. The three terms on the right hand diéguation 2.6 represents, respectively,
the contribution of nucleation, capture by surfddéusion and direct impingement on
growing clusters which cover a fractiah on the surface. The capture numhsgr
represents the diffusional flow of admoleculestabke clusters. The nucleation term is
always negligible during the growth process and léds¢ term dominates only at high
coverages, especially at higher temperatures wheditfusive flow of the admolecules
is limited by fast re-evaporation. If the nucleatitss not biasedig. no surface
impurities or high energy steps on the surface) @mg single admolecules are mobile
on the surface, the nucleation and growth can edigted based on the above described
rate equations. Various important parameters saé&h &gy, E; andi can be calculated by
measuring the nucleation rate dependence on deposate, temperature and time.

Any growth process can be classified as one offtte® regimes of condensation:
extreme incomplete, initially incomplete and contglebased on the discussed rate

equations. The general equation for the nucleatensity is given by:

nX(Z)
N

o

= ()" exp(fE) 2.7)

where parametegsandE define the regime of condensation.
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Regime 2-D islands 3-D islands

Extreme incomplete p=i p=2i/3

E=[E+(+1)E-E] E=2[E+ (+)E-K]3

Initially incomplete p=il2 p=2il5
E=[B+iER]~2 E=2[E+IiE]/5
Complete p=i/(i+2) p=il(i+2.5)

E=[E+iEs)/(i+2) E=[E+iE]/(i+25)

Table 2.1 Parameter dependencies of the maximum &lier density in various regimes of
condensatioff*®!

Various characteristics which define three diffén@gimes of condensation are:

Extreme incomplete condensation:

* np= Rty (considerable re-evaporation from the substrate)
» clusters grow upon direct incorporation of impirggimolecules on the cluster
surface

Complete condensation:

* no re-evaporation from the substrate
» cluster growth dominated by incorporation of difiggsmolecules on the substrate

Initially incomplete condensation:

* Intermediate between complete and extreme incompl@atdensation

2.2.5 CAPTURE ZONE MODEL
Most of the growth equations discussed in theiptsvsubsection for nucleation

and growth are mean field in nature because flticlos in the environment of the
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islands are neglected in the theory. Capture Zowddlldiscusses the effects of local
environment of the islands on their growth to fullpderstand the scaling in different
growth systems. As shown in Fig. 2.7, Capture Zohan island is represented by a
Voronoi polygon constructed around an island anchdaland grows inside its own
Voronoi polygon. Voronoi polygon is defined as dygon whose interior consists of all
points in the plane which are closer to a particldétice point than to any other. Any
atom or molecule falling inside the capture zonewfisland will get absorbed into the
island. This is same as saying that the islands kiggger capture zones will grow faster

than the islands with smaller capture zofi®s.

SErrat (Bt

. - oL o
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Figure 2.7 Pictures of evolving island structuresn the simulation of dendritic islands.
Starting from top left the coverage® = 5%, 10%, 15% and 20% moving clockwisé®
Reprinted figure with permission from P.A. Mulheran and J.A. Blackman,Physical Review
B, 53, 10261, 1996. Copyright 1996 by the Americarhifsical Society.
http://link.aps.org/abstract/PRB/v53/p10261
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On an average, each island will absorb those matdsovhich will arrive in its
capture zone area. At any stage of growth, an ddasize is equal to the product of
coverage and its capture zone area and the avestage size is the product of the
coverage and the average capture zone area. Cemslggat any stage of growth, the
island size relative to the average island sizeqisal to its capture zone relative to the
average capture zone size in the network. Thidfiregio give rise to the island size

scaling in systems where the correlated growtheaghboring islands is observEd,

2.2.6 Diffusion Limited Aggregation vs Reaction Linted Aggregation
Diffusion and reaction are two important microseoprocesses that govern the
nucleation and growth behavior. Depending on tke Inaiting process, diffusion-limited

and reaction-limited regimes can be defined.

Diffusion Limited Aggregation (DLA)

DLA was originally introduced by Tom Witten and L&ander as a model for
irreversible colloidal aggregation. It is one oé tmost widely used models for describing
the irreversible fractal growth. A fractal is defthas an object or a shape that displays
self-similarity at all length scales. The shapedneet be same at different scales but
should exhibit same “type” of structures at anyglénscale. A typical DLA monitored

cluster morphology is shown in Fig. 2.8.
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Figure 2.8 Schematic showing dendritic shape of agwing crystal®

http://www.smart.tii.se/smart/events/events2003 gghp

The basic concept of the DLA model is the irrevdesiadherence of the
molecules performing Brownian motion. Highly braadrand fractal shapes are obtained
for the growth systems following DLA. The systerfractal shape arises due to the faster
growth of the branches which effectively shielde thner part, which become less
accessible for the incoming molecules. A particledargoing random walk is more
probable to hit the tip of the branches and geichtd, rather than penetrating into one of
cluster’s “fjords” without touching any surfacessifThe rate limiting step is the diffusion
of molecules and diffusion barriers decide the ghowlany mathematical models have
been developed describing DLA growth. Number oftipl@s () and the size of the
cluster ¢) are related by the following equation:

n=r
where D is defined as the fractal dimension. DLA model gegisD = 1.71 in two

dimension and = 2.5 in three dimensidr¢>>
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Reaction Limited Aggregation

Reaction limited aggregation (RLA) is other extrewiethe growth kinetics,
where compact clusters are formed compared tordreched structures observed in DLA
regime. In this regime there is an energy barridha reaction site, significantly higher

than the diffusion barrier, which governs the natitsn and growth.

Figure 2.9 Topography showing 2D Ge islands on Ploeered Si®® Reprinted figure with
permission from T. C. Chang, I. S. Hwang, T. T. Tsag, Physical Review Letters, 83, 1191,
1999. Copyright 1999 by the American Physical Sodie
http://link.aps.org/abstract/PRL/v83/p1191

The reason behind this significant difference iamhof the growing islands is a
difference in the sticking coefficient of moleculd#fusing on the substrate to the
growing islands. Sticking coefficient of molecuiasRLA regime is very small compared
to DLA regime (its almost 1 in DLA). In RLA regimagrowth of certain planes is
energetically favorable over the others. If theomporated molecules result in the growth
of less favorable plane, they will bounce off thewgng surface and try to look for the
site which is energetically favorable. This reoirigation of molecule is responsible for
the low sticking coefficient in RLA. The observeddtal dimension D for the clusters

growing in RLA regime is ~ 2.5%¢
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Transition from fractal to compact island morphgloglso occurs at high
temperatures. When the edge diffusion becomesrféisé the rate at which new
admolecule arrives at the island, due to an inergagemperature, morphology transition
takes place and growing islands become compadtdpes Lower deposition rates favor
fractal shapes over the compact shapes becausewar Ideposition rates the
concentration of admolecules on the substrategsifsiantly low and the admolecules

can perform Brownian motion before getting absorsgdny island surface site.

2.2.7 Dislocation Assisted Growth

Dislocation, a one dimensional crystal defect, mles high energy site as it
disrupts the periodic nature of the crystal aroiin@here are two types of dislocations:
screw dislocation and edge dislocation. An extemelor a half plane of atoms, the edge
of which terminates inside the crystal is calledealge dislocation as shown in the Fig.
2.10 (a). This defect is centered on the disloaaliime which is defined by the atoms at
the end of extra half plane. Screw Dislocation lbarthought of as being a distorted state
when top upper front is being displaced to righthwespect to lower part, as shown in
the Fig. 2.10 (b). As the name suggests if oneer@tomic planes along the dislocation
line, a helix is traced in case of a screw disliotatMost of the crystalline materials have
dislocations, which have both edge and screw coewsn and are called mixed

dislocationd®”
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(a) (b)

Figure 2.10 Schematic showing (a) Edge dislocati@nd (b) Screw dislocatioff®

http://en.wikipedia.org/wiki/Dislocation

Any high energy sites such as impurities, grainfatawies or dislocations, can act
as potential nucleating centers. During the grosftkingle crystals or layer-by-layer thin
film growth, these potential nucleating centers damupt the normal growth behavior.
Spiral surface growth is the most common growth masm for crystals with
atomically flat surfaces. Such crystals grow by omporation of new atoms (or
molecules) at the step sites. If steps are pinhedsarew dislocation, they wind around
the dislocation and grow as spirals. The screwlatgment is evident on the final crystal
surface as a step, as shown in Fig. 2.11.

Recently screw dislocation assisted spiral grovah been also observed in thin
films. Hawley et al. observed the spiral growthsputtered films of YB#ZuwO;, as
shown in Fig.2.1%° The probability of screw dislocation assisted gtoincreases at
low super-saturations especially for compounds YBa,Cu;O;. Because of the layered

structure, the fastest growing direction will berfimg perpendicular to the film and thus
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adatom is most easily added at the edge. An atteengrowth mechanism, layer-by-
layer growth needs nucleation of islands on top ftilyy coalesced, atomically flat
surface which seems very improbable for a compdiked YBa,CusO; because of its
anisotropic and highly inhomogeneous unit cell.il8polz et al. observed the spiral
growth in epitaxially grown PbTe on BaFL11) surface as shown in Fig. 2142 They
postulated that the 4.2% mismatch between the dihd the substrate resulted in the

origin of screw dislocations and hence spiral ghowt

] Grawth Fromt
at of

(1
Umiterm Halght

(a) (b)

Figure 2.11 (a) Spiral growth observed in carborundm, and (b) A step on a crystal face

arising from a screw dislocation which gives a groth front for extension of the crystal as a

r., 62

Riemann surface generated by the spir&l % Reprinted by permission from Macmillan

Publishers Ltd: A. R. Verma, Nature, 168,783 (1951opyright 1951.
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Figure 2.12 STM image of PbTe on Bafand YBa,Cu;0; on SrTiOz**®” From M. Hawley,
I. D. Raistrick, J. G. Beery, R. J. Houlton, Sciene, 251, 1587 (1991). Reprinted with
permission from AAAS. Reprinted with permission fron G. Springholz et al., Applied
Physics Letters, 69, 2821 (1996). Copyright 1996merican Institute of Physics.

2.3 Organic vs Inorganic Film Growth

In comparison to the growth of organic molecules inarganic or organic
substrates, growth of inorganic single atoms oretlathas been studied in considerable
detail. In contrast to the molecular case- ther@adsproblem related to anisotropy in
inorganic film growth. Atoms are assumed to haweragpic spherical shapes such that
the interaction between deposited adatom and subsioes not depend on the relative
orientation of adatom with respect to the subsffate

Complexity of the situation increases when the dijm of organic molecules
on solid substrates is considered. Position op#récle (organic molecule) can no longer
be represented by just three numbers definingeitdec of mass; in addition three Euler
angles need to be defined describing the oriemtatiothe molecule. This pronounced
anisotropy in the organic molecules effectivelyradiuces a new dimensionality in the
study of film growth. In contrast to inorganic ater dimers, organic molecules are held

together by relatively weak forces and the admdéesubstrate interaction depends on
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the relative orientation of organic molecule witkhspect to the substrate. Final
morphology of the films is a delicate interplayweén anisotropic interactions between
the molecules, their neighbors and the subsff#tBor example, pentacene on Sias
its long axis oriented perpendicular to the sulbstraecause pentacene-pentacene
interactions are favored, while pentacene on Siitsa®ng axis oriented parallel to the
substrate because pentacene-Si interaction isddvor

Other dissimilarities include the existence of pobdyphs in organic materials.
Many organic solids do not have a unique bulk $tmgc In bulk, some molecules can
have a different molecular packing from the resthef molecules but with similar lattice
energies. Some of the polymorphs are meta-staldleregversibly gets transformed to
thermodynamically stable phases, in other casddesstructures show reversible phase
transitions. Another important point is the fleXityi of the organic molecules. When
brought in contact with the substrate they canodisind sometimes a part of it reacts
with the substrate forming a bond, the strengtlwbich varies over a large range of

values®®

2.3.1 Organic Thin Films on Solid Substrates

A) Diindenoperylene (DIP)

Figure 2.13 Chemical structure of diindenoperylengCaz,H ¢
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High degree of molecular ordering is observed, witd® is deposited on
atomically flat SiQ surface at elevated temperature of abouf@4%his molecule shows
the best layer-by-layer growth among all the orgaamiconductors. Fig. 2.14 shows the
cross-section TEM image a of 40 nm thick film offDdn SiQ with large planar terraces
separated by steps with heights corresponding ® A6The comparison of this distance
with the length of the molecule (18.4 A) suggestipright orientation of the molecule
on the substrate with a tilt of 15-2€klative to the substrate normal, as shown irFige

2.14. This thin film phase is referred@phase.

Figure 2.14 TEM micrograph of DIP film grown on SiO, showing a high order of molecular
ordering and schematic representation of relative it of moleculed®” A. C. Durr, F.
Schreiber, M. Kelsch, H.D. Carstanjen, and H. DoschMorphology and Thermal Stability
of Metal Contacts on Crystalline Organic Thin Films Advanced Materials. 2002. 14. 961.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reprodu ced with permission.

Quantitative analysis of the films revealed a l6traughness despite a good
ordering. This roughness is attributed to differenystallographic domains (grains)
within a layer, which occurs due to inhomogenecaigeral growth of the films. A

different direction of tilt in these symmetry eqalient domains is the suggested reason
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behind the polycrystallinity. When DIP is depositad Au, the same ordering is seen but

the molecules are oriented with their moleculas gdrallel to the substrafé. !

(B) Perylene-tetracarboxylicacid-dianhydride (PTCDA)

Figure 2.15 Chemical structure of PTCDA™!

PTCDA crystallizes in a herringbone structure wiach plane containing
interlocking molecules as shown in the Fig. 2.1BisTcrystal structure is stabilized by
dispersion forces and quadrupole interactions. Tmamoclinic polymorphsg and B,

exist for PTCDA.

Figure 2.16 Molecular packing and structure ofe and p polymorphs of PTCDA®®

Epitaxial growth of PTCDA is observed on NaCl (1@md KCI (100) substrates
for low deposition rates (~ 1.5 monolayer per meuand for elevated substrate
temperatures of above 2 The resulting organic thin films consist of nooRnected

plate like crystallites in which molecules form vy stacks with PTCDA plane (102)
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parallel to the substrate. Strong substrate-modeauderaction is responsible for the

azimuthal orientation of the PTCDA crystallitestbese substraté¥!

2.4 PENTACENE GROWTH

Figure 2.17 Chemical structure of pentacene

Pentacene (£H14), a polycyclic aromatic hydrocarbon molecule cetisg of
five linearly-fused benzene rings, is one of thestpromising organic semiconductor in
the field of OTFTs due to its high hole mobility,(pt 1cnf/Vsec)®”! Because of the
relative ease with which pentacene forms well-crdecrystalline films on various
substrates, it is considered as a model molecu@grather organic semiconductors. As
discussed in Chapter 1, most of the charge trahdmiween the source and the drain
occurs in the first few layers, or perhaps thet fironolayer, on top of the dielectric,
making organic-semiconductor/insulator (O/I) inéex critically important to the OTFT
functioning[“] Structural disorder at the (O/l) interface can phamthe OTFT
performance by lowering the OTFT ON current, desirgathe switching speed and by
increasing the threshold voltage. Understandinggtiogvth mechanism of pentacene on
different dielectrics and minimizing the disorder the interface paves way for an
improved device performance.

Bulk pentacene has a triclinic crystal structugga® group P1) and there are two

molecules per unit cell arranged in a herringboaeking motif®® Bulk pentacene is
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reported to have two polymorphs and vacuum-depbditens are reported to have a
different structure from the bulk phase which hasrbnamed “thin film phase” as shown
in the Fig. 2.18. The bulk phase has been foundo&xist with the “thin film phase”
beyond a critical thickness Jd Characterization of pentacene monolayer hasatesle
unit cell dimensions for “thin film phase” (a = 3® A, b = 7.588 A, ang = 89.95),
which are different from its bulk counterpart (a6266 A, b = 7.775 A, ang =
84.684).'® 9 The volume of the unit cell in the thin film phasevery identical to that
of the bulk phase, indicating that the moleculackpag efficiency is similar in both the
phases.

Thermodynamics and kinetics of pentacene islantdtion on various substrates
are governed by various depositing parameters ascthe substrate temperature, the
surface coverage and the rate of deposition (flaz)well as the chemical and crystalline
nature of the substrate. The substrate materiaetethe diffusion pre-factdd, and the
activation energy for diffusioi,, the substrate temperature decides the kinetiggrod
the admolecules and the deposition flux decidesrdkte of molecules diffusing on the
substrate per unit area per unit time. The follgygubsections discuss the importance

and impact of depositing parameters on the groWffentacene on various substrates.
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bulk pentacene
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Figure 2.18 Normal and side views of the pentacerrilk phase and the thin film phasé&®
Reprinted with permission from S. E. Fritz, S. M. Martin, C. D. Frisbie, M. D. Ward, M. F.
Toney, J. Am. Chem. Soc., 126(13) 4084 (2004). Copyright 2004 American Chéral Society.

2.4.1 DEPOSITION RATE AND SUBSTRATE TEMPERATURE

(R )exp(ﬁE)

0

The above equation (same as equation 2.7 (f#vitHL/kT)) relates the nucleation
density to deposition rat&) and substrate temperatuii®.(Nucleation density varies as
a power law with the deposition flux and as anvatéd Arrhenius law with the substrate
temperature such that higher temperature and Igesiéng flux result in low nucleation
density and larger average grain size. Morphologpeddence on the substrate
temperature and the depositing flux are shown gn Eil9. As seen in the figure, keeping

constant substrate temperature and increasingeghesdion flux increases the nucleation
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density of pentacene islands on fi@nd increasing the substrate temperature fod fixe
deposition flux results in a decrease in nucleatiensity.

Pratontep et al. observed that the islands showneirig. 2.19 are 1.5 £ 0.1 nm
in height above the Sgsubstrate, which is approximately same as theleoigthe long
axis of the pentacene molecule, suggesting thamntiiecules are standing upright on top
of the substrate with a very little tilt. They obged that the nucleation density changes
by two orders of magnitude when the deposition iatthanged by the same order, while
even a small change in the substrate temperat@r¥C(o 80°C) changes the nucleation
density by few orders of magnitu&. This result completely validates the use of basic
rate equations described in section 2.2.4, whegentlcleation density varies (i) as a
power law with deposition rate and (ii) as an attd Arrhenius law with the substrate

temperature.

.
Bl 15 e
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Figure 2.19 AFM topography images of 10 X 10 pfrsize of 0.5 nm thick pentacene films on
Si0,.(a) for various deposition rates at same substratiemperature of 65C. (b) for different
substrate temperatures at fixed deposition rate dd.45nm/mirf™®
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Another important feature in the AFM images showrFig. 2.19 is the uniform
distribution of the pentacene islands on the,Sbstrate, especially for the deposition
rates above 1.5 nm/min. The narrow size distrilbutibthe growing islands indicates that
there is no secondary nucleation during the graeftéxisting islands. This observation
underlines the existence of extended depletion z@meund the growing nuclei which
prevents secondary nucleation. The compactnesseoftowing islands increases with
increasing deposition rate. The compactness ofland is defined by a form factor) (f
which is given by fj = 4r<A>/<P>*, where <A> and <P> are the mean area and the
mean perimeter of an island respectively. At veny deposition rates, dendritic islands
are observed with very low value ©ff = 0.2), which tends to increase to 0.65 at higher
rates more than 10 nm/nff!! Dendritic shape at low deposition rates is indieaof the
diffusion limited aggregation (DLA[)Q.Z] Ideally, the value of f is zero for fractal growth
and is one for the circular island growth. Variatmf coverage, island density, island size
and form factor with deposition rate is shown ig.F.20.

Increasing the substrate temperature helps in gigpwarger grains but it also
decreases the value of (@hickness beyond which phase changes for a i), fwhich
puts an upper limit for the substrate temperaturerwlooking for a single phase filfd!
Reported values of.dor pentacene growth on Si@re around 100-150 nm for films
grown at room temperature and it goes down to 3@arrfilms grown at ~ 9[> 73 74!
Deposition flux is reported to have negligible eff®n the value of d Diffusion of
molecules on the surface depends on the subse&agetature. Too low a temperature

can freeze the admolecules, resulting in high ratide densities and finally leading to an
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amorphous film. This sets a lower bound for thessnalte temperature. Flash evaporation
also leads to an amorphous film revealing that éwgh deposition rates can lead to loss

in crystallinity of films!">7®!

G4 '_I1
05 o O a -
ggoap e ° " Eg
¢ e ) 18 O 3
O o o2
O e ) ! — 0.4
m.* . a3
a 0
B‘“"‘[H:H:l o) 10
tn O~ 1 -
2aE " 0 z
L n 3 | <28
T T O, # Q eﬂ)
- € < 100k & 1 8_
c 0 O e . N
Z)C/H i o R ('ND
o * —
1 0.0
0.1 | 10 100

Deposition rate(nm/min)

Figure 2.20 Morphology dependence of 0.5nm thick pgacene grown on SiQ. (a) Coverage
and form variation with deposition rate. (b) island density and size variation with
deposition raté’ Reprinted figure with permission from S. Pratontepand M. Brinkmann,
Physical Review B, 69, 165201, 2004. Copyright 2004 by the Americdhysical Society.
http://link.aps.org/abstract/PRB/v69/e165201
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Figure 2.21 Dominating growth mechanisms at diffenat sets of substrate temperature and
deposition rate. A crystal can be grown below theide of super-saturation condition. Low
temperature and high flux results in an amorphousifm. Low super-saturation can lead to
defect assisted growth. The upper limit of the temgrature is being set by the bulk phase
nucleation liné”™ Reprinted with permission from R. Ruiz et al.,Chem. Mater., 16, 4497
(2004). Copyright 2004 American Chemical Society.
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mix

Figure 2.22 Different morphologies of the pentacenmolecule on different substrates as a
function of the deposition rate (F) and the substriee temperature (T), derived using Kinetic
Monte Carlo simulations. (a) molecule-substrate irdraction favor parallel orientation, (b)
molecule-substrate and molecule-molecule interactie are comparable and (c) molecule-
molecule interaction favors upright orientation than parallel orientation. Color coded
representations of different morphologies: (d) Grayall molecules lie parallel to the
substrate with dendritic structure, (e) Black-all molecules lie parallel to the substrate with
compact arrangement, (f) Light gray dots-majority o the molecules are in a perpendicular
orientation and compact arrangement, (g) Dark greydiagonal lines-majority of the
molecules lie in perpendicular orientation with dewritic arrangement, and (h) Light grey
diagonal line-transitional structures, not belongig to any group®’” D. Choudhary, P.
Clancy, R. Shetty, F. Escobedo. Advanced FunctionMaterials. 2006. 16. 1768. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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Fig. 2.21 summarizes different limitations imposedthe substrate temperature
and the deposition flux in order to get a singleaggh layered growth. Lower super-
saturation at lower deposition rate and higher sates temperature can give rise to a
defect assisted growth. In layer-by-layer growthdemonew nucleating sites have to be
formed every time a layer is fully grown. The enefgarrier for this nucleation is
considerably high, so at low supersaturations tteevin can predominantly occur at
existing surface steps associated with screw disilaas.

Although lower deposition rates and higher tempeest are needed to grow large
grains, care should be taken because lowering épegition rate beyond a point or
increasing the temperature above a certain limt lead to other growth mechanisms
such as bulk phase growth or defect assisted grawitlth can dampen the 2-D growth
of the island$’® Fig. 2.22 shows the morphologies of pentacene fagapon different
substrates as a function of the deposition rateaff) the substrate temperature (T),
obtained from Kinetic Monte Carlo simulatio8.

2.4.2 SUBSTRATE

Nature of the substrate defines the orientatiorthef pentacene molecule with
respect to the substrate and has a major impadhengrowth mechanism of first
monolayer. When pentacene is deposited on indrtsildstrates such as oxides and
polymeric substrates, the molecules tend to orisith their long molecular axis
perpendicular to the substrate exposing (001) plaéch is the lowest energy plane in
pentacene. Strong interaction within the pentaceonéecules compared to pentacene-

substrate interaction forces pentacene moleculetata vertically on the substrate such
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that (001) plane is parallel to the substrate.hie ¢ase of high energetic surfaces like
metals and Si, the strong pentacene-substrateati@n forces pentacene molecules to
lie flat on the substrates such that (001) planpeipendicular to the substrate. In the

latter case some charge transfer also takes pldbe mterface.

Figure 2.23 Pentacene morphology on various substes. (a) Three monolayer thick
pentacene films on SiQ@Inset: First monolayer islands of pentacene on Si¥® (b)
Pentacene on PEDOT: PSS. Inset: First monolayer &hds of pentacene on PMMA™ (c)
Submonolayer islands of pentacene on Si (after ayler of pentacene lying flat on the
substrate. Inset: pentacene islands on H-terminate®i® (d) STM image of pentacene
molecules on Ag. Inset: STM image of pentacene oruGhowing molecules lying flat on the
substraté’® Reprinted with permission from R. Ruiz et al.,Chem. Mater., 16, 4497 (2004).
Copyright 2004 American Chemical Society. Reprintedfigure with permission from S.
Lukas et al., Physical Review Letters, 88, 028301, 2002. Copyright 2002 by the American
Physical Society.http://link.aps.org/abstract/PRL/v88/e028301Reprinted with permission
from Macmillan Publishers Ltd: Nature, Heringdorf et al., 412, 517, 2001, copyright 2001
Morphology of pentacene thin films has been studiedarious substrates which

include oxides and nitrides such as £i@l,0; and SiN, polymeric materials like
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PMMA, PEDOT/PSS and PVP, and some high-k dielextsach as BZT, BST and
BaTiOs. The first monolayer morphologies of pentacenevanous kinds of substrates
are shown in Fig. 2.23.

Considering the importance of the first monolayartop of the dielectric, the
early stages of the film formation demands a daetiadtudy. Nucleation and subsequent
growth dependence on substrates can be studiedhgy ehanging the substrate or by
changing the surface termination. Sirapat et ahpared the nucleation and growth of
pentacene islands in the submonolayer regime organ@ substrates of poly(methyl-
metacrylate) (PMMA) and inorganic substrates of Sa@d AbO3.[?8! They found that at
similar substrate temperature and deposition rateleation density changes with the
substrate type, as shown in Fig. 2.24.

At very low deposition rates, AD; and SiQ substrates result in dendritic
pentacene islands which is a characteristic ofrawersible “hit and stick” picture of the
diffusion-limited aggregation model. But at highpdsition rates the shape of the islands
becomes compact. In case of PMMA substrate, thendsl are always found to be
compact in shape at all deposition rates. As gtesekn in Fig. 2.25, at same substrate
temperature and deposition rate, the nucleatiorsigeron PMMA is an order of

magnitude higher than on A); and SiQ.
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Figure 2.24 Effect of substrate on the nucleationahsity of pentacene islands. All the images
are 10 X 10 pmi. Substrate temperature = 65°C and the nominal thickness of pentacene
films = 0.5 nnf?® Reprinted figure with permission from S. Pratontepet al., Physical Review
B, 72, 085211, 2005. Copyright 2005 by the American P$ical Society.
http://link.aps.org/abstract/PRB/v72/e085211
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Figure 2.25 Nucleation density dependence on deptisi rate and temperature for different
substrates (PMMA, SiO, and Al,O3)?® Reprinted figure with permission from S. Pratontep
et al., Physical Review B, 72, 085211, 2005. Copyright 2005 by the American Psical
Society. http:/link.aps.org/abstract/PRB/v72/€085211

Figure 2.25 shows the nucleation density dependendbe substrate temperature
and the deposition rate. Deposition rate plot ¢feiadicates that the nucleation density
in all the cases can be described by a scaling Maw,const. (R). The exponené for
different substrates has been listed in Table. PePaperature plot shows the Arrhenius
behavior for both, PMMA and SiCat fixed deposition rate, which justifies Venable’

rate equations N = const. (BXp(Ew.o/KT), where N is the nucleation density.

Substrate Sio, Al,O5 PMMA
Exponen® 1.16 0.8 1.18
Enuci (V) 0.4-0.5 - <0.1

Table 2.2 Experimental data for nucleation of pentaene on various substrate®!
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Comparison of the nucleation density of pentacesiands on reduced and
oxidized surfaces is done in Fig. 2.27. For thauced surface the nucleation density is
0.007 prif, while for an oxidized surface it is 100 timesgkar (around 0.7 pH). In case
of reduced surface, second monolayer islands stacteating at coverage of 0.6
monolayer and first layer completely coalesce abwerage of 2 monolayer, while the
corresponding numbers for an oxidized surface aBenbnolayer and 1.1 monolayer

respectively (Fig. 2.28§”

SiD
: L 1 1 | |

Si Si

Figure 2.26 O/OH terminated silicon dioxide and H tom terminated S{**

Conventional cleaning processes leave ,Sgdrface quite hydrophilic. The
hydrophilic surfaces adsorb water and this canlréswa film of water on the substrate
which can change the growth mechanism of pentacBmavoid this, SiQis generally
treated with SAMs because it changes the wettimapeaties of SiQ by making it
hydrophobic in nature. Generally surface roughr@sSiO, increases on treating with
SAMs, which leads to more nucleation density b@ thslocation density goes down

significantly (discussed in the following subsen)if”
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Figure 2.27 AFM images of pentacene films on oxidirl and reduced substrates, at various
coverage8® Reprinted figure with permission from R. Ruiz et 4., Physical Review B, 67,
125406, 2003. Copyright 2003 by the American PhysicSociety.
http://link.aps.org/abstract/PRB/v67/p125406
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Figure 2.28 Fractional coverage as a function of tal coverage for (a) a reduced substrate
and (b) an oxidized substrat&® Reprinted figure with permission from R. Ruiz et 4.,
Physical Review B, 67, 125406, 2003. Copyright 2003 by the American f2ical Society.
http://link.aps.org/abstract/PRB/v67/p125406

2.4.3 Dislocations in Pentacene

Dislocations can play an important role in the gitowf thin films, as discussed in
subsection 2.2.7. Recently evidence of dislocationpentacene thin films has been
reported by two groups. Nickel et al. used synebroi-ray diffraction to detect screw
and edge dislocations in 2-8 monolayer thick pesrtadilms grown on modified silicon
surfaces, while Kanan et al. used Friction Forcerblicopy (a variant of AFM) to image
line dislocations in 2-3 monolayer thick pentacéimes grown on Si@.**"®!

Pentacene thin films have very weak inter-layeerettion and strong intra-layer
lateral interaction. This particular anisotropytie interaction favors distortion along the
surface normal. Consequently most of the defeatssarew dislocations with Burger’'s
vector along the long axis of the pentacene moésci$crew dislocations are surrounded

by the prismatic loops which are formed by the esfdbe edge dislocations.
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() (b) (c)

Figure 2.29 Tapping mode AFM images of 8 monolayethick pentacene films on (a) H
terminated Si (b) re-oxidized Si and (c) OTS treate Si’® Reprinted figure with permission
from B. Nickel et al., Physical Review B, 70, 125401, 2004. Copyright 2004 by the American
Physical Society. http://link.aps.org/abstract/PRB/v70/p125401

Nickel et al. used Bragg's diffraction to show thie number of straight
dislocations per unit area (n) in pentacene tihimdiis different for different substrates.
The value of nis 2.1 x 1&m? for a H terminated Si, 0.9 x 1@m? for a re-oxidized Si
and 0.5 x 18cm? for an OTS treated Si. As seen from the AFM imasfeswn in Fig.
2.29, the apparent grain size is largest on H temted substrate while it is smallest on an
OTS treated substrate. Some black holes can beirs¢lea first two AFM images at the
top centers of the dendritic grains which are psggbto be screw dislocation cores. The
dislocation core density is low on re-oxidized $mpared to H terminated Si and is
absent on OTS treated Si. This direct correlatietwben the diffraction studies and the
AFM results prove that the dislocation density asvér in case of an OTS treated
substrates and this can be a potential reason dehe higher mobilities obtained in

OTFTs based on OTS treated substrétes.
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Figure 2.30 Chemically etched surface showing patal line dislocations in 2 monolayer
thick pentacene film. AFM (a) topography and (b) fiction image®” K. Puntambekar, J.
Dong, G. Haugstad, C. D. FrishieAdv. Funct. Mater., 2006, 16, 879. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission.

Kanan et al. did chemical etching and subsequeiM Afadies on two monolayer
thick pentacene thin films on SiOThey observed parallel line dislocations in high
friction regions of second monolayer (Fig. 2.30ji.e@tal mismatch or absence of epitaxy
between the first monolayer and the second monplaysiggested to be the main reason
behind the existence of parallel line dislocatiamgshe second monolayer. The regions
with dislocations have more structural disorderalihiesults in high friction contrast and

this justifies the observation of parallel lineldations in high friction regions of second

monolayer of pentacene on Si¢)!
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Chapter 3
FRICTION

3.1 General Introduction

Friction is a force that opposes relative motionemdency towards such a motion
between two surfaces in contact. It is defined sthat it always acts in a direction
opposite to the direction of relative motion an@rdéby opposes the relative motion.
Friction is not a fundamental force; its origintie electromagnetic interaction between
the atom$®® Magnitude of the frictional force is given by tblassical Amonton’s law:

N

Motion F;

-_— Body —

Surface
Fe =N
Figure 3.1 Free body diagram showing frictional foce
WhereF; = frictional force or the maximum possible magdéof this force
W = coefficient of friction
N = normal force between the surfaces in contact
Friction is usually classified as being either atistfriction (the frictional force
opposing a body at rest to move) or a kinetic ifsict(the frictional force tending to slow
down a body in motion). In static friction, two hesd are not in relative motion and the
frictional force only balances the resultant fordeich could have moved the body. The

magnitude of static frictional force can be anywhéetween 0 ané; and acts in a
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direction opposite to the direction of motion tha body would have undergone without
friction. In kinetic friction, two bodies are inlative motion and the friction at each
surface acts in a direction opposite to its retatimotion with respect to the other
surface®”

The coefficient of friction is a scalar constanti@h is given by the ratio of the
friction force acting between the two bodids)(and the force (both extrinsic and
intrinsic) pushing the two bodies togethsl).(The static friction and the kinetic friction
have different coefficients of friction given bys and , respectively. Generally,
coefficient of static friction|{s) is higher than the kinetic coefficient of frictiqj), as

shown in Table. 3.1.

Material 1 Material 2 Us Hx

Cast Iron Cast Iron 1.1 0.15

Cast Iron Copper 1.05 0.29
Glass Glass 0.9-1.0 0.4

Table 3.1 Coefficients of static and kinetic frictbn for different systems(®"

www.engineershandbook.com/Tables/frictioncoeffitsdmm

3.2 Friction: Measurement Techniques

The Surface Force Apparatus (SFA) and Friction &dvicroscopy (FFM) are
the two techniques which can explore and elucitteghysical mechanisms occurring at
the molecular level caused due to the relativeirglidbf the two bodies. Both the

techniques are capable of measuring nano- and saigpic tribology. In FFM, a
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nanometer-radius tip is in relative motion withpest to a sample surface. In SFA, two
bodies which are in relative motion are two extehdéomically smooth surfaces that
confine between them a lubricant film of known #mess and contact area.

3.2.1 Surface Force Apparatus (SFA)

The SFA consists of two crossed cylinders thatlmapressed together to form a
circular contact under pressure. A pair of atontlycamooth mica surfaces are mounted
on both the cylinders. Both the mica surfaces lwanreated to attach the molecules of
interest. Actuators are attached to both the sesfac apply the load or the shear force
and to control the distance between the two susfaOptical or capacitive methods are
used to measure the contact area and the rela&paration of the two surfaces. Sensors
are also attached to the two surfaces to measack dod friction forces. The whole
apparatus can be either completely immersed imuadior maintained in a controlled
environment. The apparatus provides a model comitaete contact geometry is known,
materials between surfaces can be varied and atiemaforces can be measured and
controlled. The main drawbacks of the SFA are ngdht low lateral resolution (~ few
microns), substrate restriction to mica (requiremeh molecular smoothness) and

difficulty in operating at ultra high vacuuf: &

3.2.2 Friction Force Microscopy (FFM)
Atomic force microscopy (AFM), also referred to@&sanning Probe Microscopy
(SPM), is a high-resolution surface characterizatexhnique that can resolve features as

small as an atomic lattice in the real space. Tokkiwg mechanism of AFM is described
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in Fig. 3.2. In an AFM experiment, a very sharp(tgdius of few tens of nanometers) is
attached to one end of a compliant cantilever. 3i&p tip comes in close proximity
with the sample surface and the resulting intebactietween the tip and the sample

surface deflects the cantilever.

Photodetector

Laser Beam

Cantilever

Line Scan

4 ™
? Tip Atoms
1‘ Force
DEHE
Poeaeaeeed
\_ Surface Aloms )

Figure 3.2 Atomic Force Microscop&”

http://www.molec.com/what is afm.html

The cantilever bends vertically in response tortbemal forces acting on the tip
and twist laterally in response to the lateral ésr@cting on the tip. Deflection of the
cantilever from its equilibrium position is diregctproportional to the interaction force.
Magnitude of the normal force and the lateral fore@ be calculated using the normal
spring constant and the torsional spring constarthe cantilever, respectively. The
vertical deflection and lateral twist of the caeniér can be measured independently and
simultaneously using a quadrant photodetector imtital beam deflection scherifid.

The laser beam falls on the back of the cantilaret gets reflected into the quadrant
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photodetector, as shown in Fig. 3.2. The photodetecontains four individual
photodiodes in a square array. The current difiegdmetween the upper and the lower
photodiodes ((A+B)-(C+D)) is proportional to thertieal deflection of the cantilever,
while the current difference between the right d@hd left diodes ((A+C)-(B+D)) is
proportional to the lateral twist of the cantilev@he optical scheme measures the angle
of inclination by which the cantilever is deflecteg the vertical force (both applied and
due to tip-sample interaction), which for small ksgcan be considered to vary linearly
with the tip deflection. Contact mode AFM works @monstant deflection modeg., the
vertical deflection of the cantilever is kept cargtby the vertical movement of the piezo

scanner on which the sample is mounted.

— hSlope = deflection sensitivity
et |
E Extension
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B Retraction
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=] \
© W
O Tip disengages
o the surface
L.
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the surface (V)

(vi)
Lever-Sample displacement
(Z- position (nm))

Figure 3.3 Force Curvé® Reproduced from K. Puntambekar, PhD thesis, Univesity of
Minnesota, 2006.
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Figure 3.3 is a plot of the deflection of the ckwver versus the tip-sample
displacement, which shows the cantilever responkenwit approaches the sample
surface. Arrows in the diagram show the directibrmovement of the cantilever with
respect to the sample surface. Different regiong eeen defined for various tip-sample
displacements highlighting dominating interactionces between the tip and the sample
surface.

Region (i)= No forces act between the tip and the samptbeysare very far apart.
Region (ii) = Attractive forces start pulling the cantileveawhwards towards the surface
as the cantilever approaches the sample surfaen&tative slope of the curve shows
the attractive nature of the interaction force.

Region (iii) = The tip snaps into contact with the sample duthé capillary force that
pulls the tip down.

Region (iv)= The tip is in contact with the sample surfacd #re front end of the lever
is pushed upward due to the externally applied.lddwe positive slope of the curve
shows the repulsive nature of the interaction force

Region (v)= The motion is reversed. Adhesion between thenigp the sample surface
maintains the contact, although there is a neg#insile load.

Region (vi)= Finally the tip snaps out of contact with thenpée as the negative tensile
load exceeds the adhesion force.

Force curves can be used to apply desired nomwadl dn the sample surface. It
also gives information about the deflection sewjtiof the cantilever (given by the

stiffness of the cantilever which is determinedchiculating the slope of the curve when
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the cantilever is deflecting in the repulsive region a rigid sample). Pull-on force and
pull-off forces which are measures of the tip-sampldhesion correspond to the
magnitude of negative deflection of force in reg(of and region (vi), respectively.

FFM, an auxiliary measurement in contact mode AFMWasures the lateral
frictional forces which act on a tip, when a tipvae on the sample surface. This contact
mode technique can probe nanoscale local variatiotise sliding friction between the
tip and the sample in conjunction with topograpétyabling a direct correlation between
the two'®”! The normal deflection of the cantilever (along thexis) is caused by the
normal forces acting between the tip and the sasyniace, while in the friction regime
the cantilever undergoes a torsional twist ab@ukoihg axis (in the x-y plane) due to the
lateral friction force, as shown in Fig. 3.4. Te thrst approximation both the motions
are orthogonal to each other and therefore simedtas and yet independent acquisition

of topographic and friction images are possible.

Scan S
direct|on can
dlrection

Figure 3.4 Cantilever response to the frictional ad the normal forced®’

In FFM, the fast scanning direction is perpendicuta the long axis of the
cantilever such that the lateral friction force @thiopposes the motion of the tip on the

sample exerts a torque about the cantilever’s amxis causes twisting of the cantilever.

54



The sense of twisting changes when the scan drecti the tip changes.e., when the

relative motion of a tip with respect to a samgdrom right to left, the frictional force
will twist the cantilever towards left and when tieative motion of a tip with respect to
a sample is from left to right, the frictional ferevill twist the cantilever towards right.
The twisting dependence on the scan direction giesto a friction loop as shown in
Fig. 3.5. The height.g., magnitude) of the friction loop is a measure afgmtude of the

sliding frictional force. Height of the loop is dotly proportional to the dissipative
energy which indicates the magnitude of slidingrailt frictional force. The height of the

loop is halved to quantify the torsional signalidgra single pass in one direction.

scan direction
—

Cantilever torsion (Volts)

0 005 01 015 02
X (um)

Figure 3.5 Friction loop (~ courtesy Dr. G. Haugstd, University of Minnesota)

While scanning molecular rough surfaces there omtribution to the lateral
forces from not only the friction, which resistaig@ntial motion, but also from the local
surface slope perpendicular to the tangential métfb In most of the cases the
topographic contribution can be quantified and readoto a first approximation by
subtracting the trace and the retrace scans, @od\lte X-hysteresis is compensated. The

remaining data reflects the energy dissipative gane friction), which by definition
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resists motiof” The lateral friction forces depend on the intdoactbetween the tip
surface and the sample surface, so even the regitimshe same topography can show
friction contrast?® Any variation in the chemicdal, structurd?® or molecular
orientatio®® on the sample surface can significantly changdrtbonal contrast in the

FFM (discussed below).

3.3 Friction: An Atomic View

Friction, on an atomic level, originates from tmteraction between the atoms.
Atomically it can be viewed of as a force that oggm® shearing of weak bonds between
the atoms. A well defined continuous interface lssmwtwo materials is an ideal concept.
In most of the macroscopic cases, the interfacisisontinuous and leads to a multiple
asperity contact between the materials in conMatroscopic friction can be viewed as
a collective action of small multiple asperitieshigh in turn depends on the normal
forces acting between the two bodies. The followsngsections review friction results
obtained from FFM in order to understand the foictat the fundamental level. The first
subsection discusses the atomic-scale stick-sli@awer which is commonly found in
most crystalline films on solid substrates. Thensical and structural sensitivity of the
friction is discussed in brief in the second anddtsubsection respectively, and the final

subsection describes the anisotropic behavioreofribtion.
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3.3.1 Atomic-Scale Stick-Slip Behavior

Mate et al. first observed that the lateral foregperienced by a tungsten tip on
graphite exhibit atomic-scale stick-slip behaviaflecting the periodicity of the
lattice®” The underlying principle behind this behavior lie tfriction dependence on
relative tip-sample velocity. Specifically, thedtion during sliding is lower than the
friction while not sliding. If a parallel force @pplied to an interface, then sliding does
not occur until the applied stress exceeds thecstattion. Once the applied stress
exceeds the static friction, the body starts sfidamd the friction goes down. This leads
to an increasingly faster relaxation of the appbé&@ss until it is no longer large enough
to maintain sliding. At this point the system gstisck again and this cycle repeats itself.
This phenomenon is termed as atomic-scale stipkkshavior and occurs as a result of
stick-slip behavior of the lateral forces expermthdy the tip on the sample surface. A lot
of factors decide atomic-scale stick-slip behaveuch as the viscoelastic properties of
two materials in contact, tip-sample interactiomteiface roughness and any
strengthening mechanism that results during sliding

Several theoretical efforts have been made in #% fo explain the atomic-scale
stick-slip behavior in context of FFRP:°°" Most of the theories are semi-classical in
nature and describes the mechanics of stick-slipavier. A lot of them use the
Tomlinson model as a starting point, which considére tip to be a single asperity
contact without internal degrees of freedom ands@rs a periodic interaction potential

between the tip and the sampfé.Further, these theories also assume that as scanni

57



velocities are much less than the sound velociiethe materials the system can be
considered under equilibrium at each step of sitiaria
The initial position of the tip is defined as a pios of potential minimum
determined by the tip-sample interaction. Statictibn develops due to the tip-sample
interaction that inhibits sliding of the tip. Thisads to elastic energy build up in the
cantilever and elastic deformation of the tip amel surface in contact. The total build up
energy consists of interaction energy and elastiergy stored in the lever and the
contacting materials. After reaching a critical rgpirelative slip starts between the tip
and the sample, and the tip leaves the positiominoimum potential. The lever and the
contact quickly relax, releasing energy, and théionds brought to a stop as the tip finds
a new potential minimum, one unit cell over. Pha)amreated in the tip and the sample,
are responsible for carrying the energy away froenibteraction region and thus act as a
mode of energy dissipatidit’ Some of the basic results of the semiclassicairibe
describing atomic-scale stick-slip behavior are mamzed as follows:
» Strong tip-sample interactions along with weak ibewér springs and compliant
contacts are needed to observe atomic scale s$ijckehavior®®1°%
» The atomic stick-slip periodicity reflects the eficity of the lattice.
* The energy produced during the stick-slip behaMatistributed between the tip,
the cantilever and the substrate, with the moreptiamt ones dissipating more

energy%
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» The atomic stick-slip instability can be interpittes a system, comprising of the
tip, the cantilever and the substrate, looking fominimum energy

configuration’®?

Figure 3.6 shows the lateral force image of KF {Gf)éaved and imaged in ultra high
vacuum with a silicon nitride tip. The periodic niag of the lateral force image exhibits
stick-slip periodicity which is same as the peraityi of the KF unit cell. The right image
shows the “friction loop” from a single horizoniaie of the lateral force imad®' The
arrows in the friction loop image indicate scarediion for each half of the friction loop
and the shape of the friction loop indicates tluarad stick-slip periodicity. Hysteresis in

the friction loop signifies energy dissipation dodip-sample interaction.

Lateral Force {arb. units)

Figure 3.6 Left image shows the friction force imag of KF (001) cleaved and imaged in
UHV and right image shows the friction loop from asingle line of the image shown in I€f?
With kind permission from Springer Science + Busines Media: Tribology Letters, Friction
force microscopy investigations of potassium halidesurfaces in ultrahigh vacuum:
structure, friction and surface maodification, 5, 198, 91, R. W. Carpick, Q. Dai, D. F.
Ogletree, M. Salmeron.
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Riedo et al*®® showed that the friction force on a nanometeresize sliding on

a surface is related to the thermally activatedpimogp of contact atoms on an effective
atomic interaction potential. They found that tieéght of the potential is proportional to
the normal load and the hopping attempt frequeadhe lateral resonance frequency of
the probing tip in contact with the surface. Filjppet al. proposed that the macroscopic
frictional forces stem from the microscopic conbns formation and rupture dynamics
of bonds at the interfa¢®® Recent studies on forfé®! and velocit}®® dependence of
the atomic friction underlines the concept of srewdified energy landscape that
enhances the thermal activation of dissipative ggses. Based on the above concepts
and experimental results, FFM work has been loak®xuh as a topic of condensed matter
physics or physical chemistry, instead of an oldireering concept of colliding micro-

asperities.

3.3.2. Chemical Effects

The visible material contrast, as opposed to sl@&tions, in the friction force
image comes from the difference in the cantileweisting (.e., difference in lateral
forces), when imaging a heterogeneous sample. iphexperiences different twists in
different materials depending on the tip-surfadergrction, thereby making lateral force
microscopy chemically sensitive.

Marti et al. showed the friction force dependence ahemical nature of the
sample surface. They measured the frictional foleween the silicon nitride tip and

SiO, immersed in solution. They observed that theifnctorce changes when the pH of
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the solution changes. The extent of protonatiorQifl groups on the surface of the tip
and the sample depends on the pH of the solutions€quently, different pH will result
in different surface charge and different tip-saenpkeraction. This difference in the tip-
sample interaction reflects in the friction contriasthe friction force image’®®

Overney et al. used friction force microscopy t@ge hydrocarbon islands on top
of fluorocarbon film. In Fig. 3.7, topography imagkows bright monolayer islands of
hydrocarbon on top of dark fluorocarbon film. Thection force image shows a clear
contrast between the islands (hydrocarbon) andehagfluorocarbon film). Hydrocarbon
islands exhibit lower friction (dark contrast) waithe fluorocarbon film exhibits higher
friction (bright contrast}t®”! This chemical sensitivity of the lateral force noiscopy can

be exploited to distinguish different phases presarthe surface of the films.

() (b)

Figure 3.7 Island like hydrocarbon monolayer island on top of sea like fluorocarbon film.

(a) Topography and (b) Friction force imag&®” Reprinted with permission from R. M.
Overney, E. Meyer, J. Frommer and H. J. Gunthepdt, Langmuir, 10, 1281 (1994).
Copyright 1994 American Chemical Society.

Chemical Force Microscopy is a technique that coedbithe AFM with the

chemical discrimination by chemical derivatizatiointhe scanning probe tips. Frisbie et
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al® first used this technique to measure adhesion faiction forces between
molecularly modified probe tips and organic moneldy to map out the spatial
distribution of hydrophilic and hydrophobic surfaogolecules. In another interesting
study by McKendry et d1°, the chemical sensitivity of chemical force micogy was

used to distinguish the surface molecules with ed#ifit chiralities. Different
stereoisomers interact differently with the proipeand this gets reflected in the friction

images.

3.3.3 Structural Disorder Effects

Structural disorder can also affect the frictioredponse of the tip when the tip
scans over them. Commonly, higher disorder at theetsiral defect site provides a large
number of modes of energy dissipation resultingigher friction.

1291 showed that the frictional properties of alkylsié monolayers

Xiao et a
self-assembled on mica in contact with the silioande AFM tips depend strongly on
the length of the alkyl chains. They observed thatfriction is high for the short chains
compared to the longer ones. In organic molecwas,der Waals interactions between
the molecules play a very important role in stabilj the close packing and self-
organization of the molecules. The stabilizing ggeincreases with the length of the
chains. Higher friction in case of short chain neales is thus attributed to the presence
of a large number of dissipative modes due to higtisorder in short chain

moleculed!® This study indicates that the chemical naturehefeéxposed end groups is

not sufficient to determine the frictional propesgtiof the monolayer films.

62



Haugstad et al. observed a difference in the émeti response of the tip, when the
tip scans over crystalline and amorphous regionsvatier soluble polyvinyl alcohol
(PVOH)™* The amorphous region show higher friction thandtystalline region. They
suggested that the interfacial dissipation contidouto the friction due to the continuous
breaking and making of bonds at the interface idee$er importance. The dominant
energy dissipation mechanism in many polymers & shear stress induced thermal
transitions between different rotational isomest i especially enhanced in amorphous
regions, and if solvent plasticized at high relathwumidity. They also observed that the
total energy dissipation is approximately a factdr five times greater than the
viscoelastic dissipation throughout a volume trabgdhe tip suggesting that the strain
field does not disappear abruptly at a particulatatice. Friction force sensitivity to the

structural defects can also be used to detect né%such as dislocations.

3.3.4 Friction Anisotropy

Tip-sample interaction depends on the molecularat@rientation and structure
of the interface, giving rise to friction anisotsoplhere can be some crystallographic
directions where the slip is easier than the otlgstallographic directions. This gives
rise to directionality dependence of friction. Mamyports have been published describing
the anisotropic behavior of friction in differenaterialsi!** 12113l

Falvo et al. manipulated carbon nanotubes on gmapksing a friction force
microscopy tip. They observed a dramatic increatehe lateral force when the

directions correspond to commensurate coftééfThese observations raise the issue of
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commensurability. If the sliding materials possesgreferred relative orientation, there
should be no resistance to relative sliding. Hirahal. showed that the friction between
two mica sheets is maximum when the orientatiobath the sheets matched, while the
relative misorientation decreased the friction Bgator of four*®

Liley et al. observed flower-shaped islands ofpadlimonolayer on mica, which
consists of domains with different molecular oraiun, as shown in Fig. 3! They
performed FFM in the wearless regime and observietioh anisotropy as well as
friction asymmetry. By friction asymmetry, the aothmeant that the difference in the
magnitude of friction of the same region in forwaadd reverse scan. The angular
dependence of the friction reflects the tilt directof the alkyl chains of the monolayer
on mica. They observed that even a tilt of°li§ enough to give a good contrast in the

friction image.

Figure 3.8 Friction image of a thiolipid monolayeron mica surfac&® From M. Liley, D.
Gourdon, D. Stamou, U. Meseth, T. M. Fischer, C. Latz, H. Stahlberg, H. Vogel, N. A.
Burnham, and C. Duschl,Science, 280, 273 (1998). Reprinted with permission from AAS.
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Park et al. observed strong friction anisotropy mvitbe twofold-symmetry
surface of an atomically clean aluminum-nickel-dbl@aasicrystal slide against a thiol-
passivated titanium-nitride tip. The frictional éerdropped by a factor of eight, when the
tip scanning direction changes from a periodicdiom to an aperiodic direction. They
proposed that the two factors which account factivn anisotropy are dissipation of
energy by electronic and phononic contributions.emghthe energy is dissipated via
excitation and propagation of electron hole pair$ phonons, respectivelyf® They also
measured the lateral twisting of the cantileverannamorphous Si{as a function of
angle between the scanning direction and the eaetillong axis. They found out that
when the scanning direction is same as the directicantilever long axis i.e. at= 9C¢°

or -9, there is no lateral twisting of the cantilever.

15

lateral twist

O (degree)
Figure 3.9 Lateral twisting of the tip as a functim of the angle between the scanning

direction and the long axis of the cantilevét'® From J. Y. Park, D. F. Ogletree, M.
Salmeron, R. A. Rebeiro, P. C. Canfield, C. J. Jeskand P. A. Thiel, Science, 309 1354
(2005). Reprinted with permission from AAAS.

Figure 3.9 shows that the lateral response of &mélever on an amorphous $iO

is maximum when the scanning direction is perpandicto the long axis of the
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cantilever (i.e. ad = (") and is zero when the scanning direction is palradl the long
axis of the cantilever (i.e. at= 90 or -968). Zero lateral response when scanning parallel
to the cantilever long axis suggests that no nefefacts on the cantilever in a direction
perpendicular to the direction of motion. At anmaio level, the forces from both sides of
the tip balance each other (acting perpendiculéinedong axis of the cantilever), due to
the amorphous nature of the Si®ut if we take a crystalline sample, will the pease

be still zero while scanning parallel to the cawdr long axis? The answer to this

guestion is addressed below.

3.4 Transverse Shear

Last et al. first reported a variation in the latdbrce images when the cantilever
orientation is changed with respect to the scandingction. They imaged a completely
coalesced monolayer with a structure mimicking jOier of B-(ET)ls. Figure 3.10
shows that when the principal cantilever axis igppadicular to the scanning direction
there is a frictional contrast due to the grainrmaries but the frictional contrast between
different grains is negligible. When the principgahtilever axis is parallel to the scanning
direction the contrast between different grainadsentuated. They proposed that lateral
force imaging can be employed to visualize domanswvo different modes: the 80
scanning mode for visualizing domain boundaries #mel § scanning mode for

visualizing friction differences among differentrdain surface&”
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Figure 3.10 Lateral force images of a completely foned monolayer with a structure

mimicking the hexagonal (001) layer of-(ET).ls. (a) Cantilever oriented perpendicular to
the scan direction and (b) cantilever oriented partel to the scan directio**” J. A. Last and
M. D. Ward, Advanced Materials, 8 730 (1996). Copyright Wiley-VCH Verlag GmbH & .
KGaA. Reproduced with permission.

Figure 3.11 Second monolayer dendritic islands ofgmtacene on completely coalesced first
monolayer. (a) Topography, (b) Transverse shear tige image and (c) Transverse shear
retrace image®” K. Puntambekar, J. Dong, G. Haugstad, C. D. Frislg, Adv. Funct. Mater.,
2006, 16, 879. Copyright Wiley-VCH Verlag GmbH & Co KGaA. Reproduced with
permission.
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Puntambekar et al. also observed a striking canimasantilever twist between
different grains in a polycrystalline pentacene olayer film on SiQ, while scanning in
a direction parallel to the long axis of the cawdr. They named this variant of lateral
force microscopy as the transverse shear micros€bpil) because they proposed that
the visible contrast between different grains is chee to different friction regions but is
due to different orientation of the molecules a #urface with respect to the scanning
direction. Different orientation of molecules ardutine tip shears the tip in a different
way and twists the cantilever by a different amoumtegions of different molecular
orientationsi(e., different grains). Figure 3.11 shows the topobyagnd transverse shear
trace and retrace images. The topography imagesshowveontrast in the first monolayer
while the transverse shear images show a contnsisinwhe first monolayer indicating
different faceted grains in a polycrystalline finsonolayer of pentacene on $i®”

This novel technique, which can sense grain sp#gifof ultra thin layers of
organic semiconductors on insulating substrategprssidered to result from different
transverse shear fields around the tip in diffe@gstallographic directions. Transverse
shear microscopy produces images of remarkablerasintof crystalline organic
monolayer films and can be used to study the grdivtatics of organic semiconductor
films on insulating substrates. The TSM technigod #s applications are discussed in

detail in the following chapters.
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Chapter 4

Transverse Shear Microscopy: An Introduction
(Contributing Authors: Vivek Kalihari, Greg HaugdtaC. Daniel Frishie)

(Reprinted with permission from “Distinguishing Elee Shear Deformation from
Friction on the Surfaces of Molecular CrystaBhysical Review Letterd04 (2010))

Elastic deformation on the surfaces of moleculgstals can be measured and
imaged using a special variant of lateral forcerascopy in which the tip is scanned
parallel to the cantilever axis. The shear foraesed transverse to the scanning direction
has a distinctly different physical origin than tbenventional friction force signal. In
particular, the tip velocity and the temperaturpatelence of the cantilever twist reveal
that the transverse shear response in un-activatel® the friction response in activated.
Furthermore, a linear elastic deformation model fitve tip-sample interaction
guantitatively predicts the crystallographic anispy of the transverse shear contrast,
establishing its connection with elastic deformatidhese results impact fundamental
understanding of tip-sample shear interactions afwb indicate that the relative
magnitude of the in-plane elastic tensor componeatsbe measured systematically on

crystalline soft materials using lateral force ragmopy in the transverse shear mode.

4.1 Introduction
Over the past two decades conventional lateralefanicroscopy (LFM), also
known as friction force microscopy (FFM), has beeorthe primary tribological

technique for examining the atomic and moleculaidaf friction at surfaces because it
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detects frictional forces on a nanometer lengthesallowing precise correlation with
structurd®> 1311811909 the surfaces of molecular materials such agjair-Blodgett
films and polymers, FFM has been employed to refdiging friction to molecular
structure and dynamics, for example, low frequeribyational motions of moleculé&”
crystallographic anisotropy?’ and polymer side-group rotatiot"*?? Because of the
continuing importance of LFM as a primary tribologf method, understanding the origin
of shear forces at the tip-sample interface remamsnportant area of investigation.

In this chapter, we demonstrate that an unconwvealtionode of LFM can
distinguish between sliding friction and elasticeah deformation at the surfaces of
molecular single crystals. Specifically, when tHeM.scan vector is perpendicular to the
cantilever axis, as in case of FFM, the cantiléwests due to torque on the tip resulting
from friction forces at the tip-sample interfaceowever, aligning the scan vector
parallel with the cantilever axis while still monitoring #lever twist, a mode we term

13233 affords improved sensitivity to elastic

the transverse shear microscopy (TS
shear deformation at the crystal surface. Scanmilogg particular crystallographic
directions in the transverse shear mode generatestdever torque that can be related
guantitatively to the elastic modulus tensor of ¢ihgstal. The velocity and temperature
dependencies of both the transverse shear anwfrisignals confirm that the transverse
shear response has a fundamentally different palysigin than friction.

The general usefulness of LFM to sense transvérsarsand thereby to discern

the elastic modulus tensor, has been either unnéoed) or unexploited. We expect it to

be general across broad classes of crystallinet swdterials. The quantitative
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interpretation of transverse shear contrast thafpwoeide here offers an approach for
examining elastic anisotropy and corresponding ban@nisotropy at the surfaces of
molecular materials. For many samples, especidiip films, determining elastic

anisotropy by TSM may be far simpler than bulk sheadulation or tensile testing

methods. In addition, it is likely that an undensting of elastic anisotropy in crystalline
organic materials will also impact understanding tbé interrelationships between
intermolecular bonding and other properties sucbpdisal (refractive index) anisotropy,

and thermal or electrical conduction anisotropy.

4. 2 Results and Discussion

Our investigations focus on single crystals ofeamdhmark crystalline organic
semiconductor, pentacene,fB8:4), that has application as the charge transpottipegr
in organic field effect transistof$>'** Figure 4.1A shows an optical image of a
pentacene single crystal along with its crystalctire and the unit cell in theeb plane.
It also demonstrates the herringbone packing ofgoeme molecules with a molecular tilt

along the[110] diagonal. Charge carrier mobility is an importdigure of merit in

semiconductors and a significant anisotropy irdfieffect mobility has been reported for
various organic semiconductors including pentadené®® This anisotropy reflects
anisotropy in intermolecular interactions in orgasemiconductors which should also be
reflected in the elastic properties.

Figure 4.1B shows the schematic of TSM, wherestianing direction of a probe

tip is parallel to the cantilever and the signatesponds to the orthogonal twist of the
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Figure 4.1 TSM and FFM (A) An optical micrograph of pentacene along with molecular
structure and the unit cell &b plane. It also demonstrates the herringbone pgaXipentacene
molecules with a molecular tilt along thj10]diagonal. (B) Schematic showing the working
mechanism of the TSM, where the scan directioraialfel to the cantilever axis. (C) Schematic
showing the working mechanism of the conventioidiFwhere the cantilever axis and the scan

direction are orthogonal.
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compliant cantilever. The only operational differenbetween TSM and conventional
FFM is the scanning directiong. in FFM the scanning direction is perpendiculathie

cantilever axis (Fig. 4.1C). The alignment of tlears vector along the cantilever axis in
TSM means that any twist of the cantilever resfilien the net shear forces acting in a

direction transverse to the scanning direction.

4.2.1 Friction and TSM Loops

Figure 4.2 shows a typical friction loop with pogit trace and negative retrace
signals. The dashed black line in the center cpards to the zero twist line. Similar
trace-retrace loops are observed in TSM as we{. (fi3) and are used to measure the
TSM signal. In FFM, the frictional force is propiortal to the width of trace-retrace
“friction loops”. The FFM trace scan always indue@eslockwise twist of the cantilever
(a positive signal from the photodetector that nmsithe cantilever-reflected laser spot
displacement) and the retrace scan always induaasi@ter-clockwise twist (negative
signal). Therefore, the measured frictional foqm@portional to trace minus retrace scan)
is always positive. In TSM, the trace scan canltesieither clockwise or counter-clock
twist and the retrace scan results in the oppositd, as shown in Figs. 4.3A and 4.3B.
Hence, a TSM signal (proportional to trace minusage scan) can be either positive or
negative. Depending on the relative orientatiowken the scan vector and the surface
crystallographic direction, the trace and retragmas can also overlap along the zero
twist line, as shown in Fig. 4.3C. While scanningl@cular rough surfaces, the twist of

the cantilever has some contribution from the I@taface slope as well. In most of the
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Figure 4.2 Friction Loop In FFM, the fast scanning direction is perpendictdathe long axis of
the cantilever such that the friction force actaighe tip-sample interface exerts a torque about
the cantilever axis and twists the cantilever. Bamse of twisting changes when the scan
direction of the tip changes, i.e., the twist iwals clockwise (positive signal) during trace scan
and counter clockwise (negative signal) duringaegrscan. This twisting dependence on the
scan direction gives rise to a friction loop asvehoabove. Width of the loop is directly

proportional to the dissipative energy which intlksathe magnitude of sliding frictional force.
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Figure 4.3 TSM LoopsIn TSM, the trace scan result in either (A) clocssvior (B) counter
clockwise twist and the retrace scan results in dpposite twist. Hence, a TSM signal
(proportional to trace minus retrace scan) canitherepositive or negative. This is different from
FFM, as the friction signal is always positive. Baging on the relative orientation between the
scan vector and the surface crystallographic doectthe trace and retrace signals can also

line, as shown in (C).
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cases, the topographic contribution can be quedtifand removed to a first
approximation by subtracting the trace and retsaems.

The conventional approach to analyze friction isttaly the friction as a function
of tip-velocity, sample temperature, and appliedhmal load!!%%121122127.128)n grder to
understand the fundamental difference between T8#MFFM, we followed the same
approach and measured the TSM and FFM signalsfascdon of velocity and sample

temperature on an indexed pentacene single crystal.

4.2.2 TSM and Friction as a function of Tip-Velgcit

Figure 4.4A plots the friction as a function of &ighmic velocity along different
crystallographic directions at room temperaturee Tglot clearly indicates that the
friction is initially velocity dependent and anisgpic. The magnitude of the friction is
highest along the diagonal [110] and lowest aldreydther diagondtl10]. Along thea
axis [100] and théy axis [010] there is no significant difference mcfion (both the
directions are represented by a single curve) &edfriction magnitude lies between
those along the two diagonals. There is a logarthncrease of friction with velocity in
the lower velocity regime (0.1 - 1.0 um/s) and ¢ansfriction in the higher velocity
regime (greater than 1.0 um/s). This trend is oleskrfor all the crystallographic
directions as shown in the Fig. 4.4A. Similar fioct dependence on tip-velocity has been
experimentally observed and rationalized by a niediffomlinson modéf®>*?where

at lower velocities the atomic friction increasegdrithmically with velocity due to the
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Figure 4.4 Friction and TSM signal as a function ofTip-Velocity (A) Semi-logarithmic plot of

friction versus tip-velocity at room temperaturersy different crystallographic directions on an
indexed pentacene crystal. At lower velocity regifiess than 1um/s), the friction increases with
tip-velocity but saturates at higher velocitiese@er than 1um/s). (B) Semi-logarithmic plot of
TSM versus tip-velocity at room temperature. TheMT&gnal shows anisotropic behavior, but

remains constant as a function of tip-velocity dieeg orders of magnitude.
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thermally activated hopping of the contact atomst &t higher velocities friction is
constant as thermal activation ceases to be relevam the other hand, the TSM
response, Fig. 4.4B, is completely independentetdoity over five orders of magnitude
at room temperature. Like friction, TSM is anis@i i.e., the TSM signal is positive

along [110], negativealong [110], and zero for both tha [100] andb [010] axis.

Importantly, the absence of velocity dependencettier TSM signal indicates that the
physical origin of the transverse shear force isdamentally different from friction.
Specifically, the friction response is activatediletransverse shear response in not

activated.

4.2.3 TSM and Friction as a function of Temperature

In order to gain more insight into the differencetvibeen the FFM and TSM
signals, we measured their dependence on crystgdei@ature. Figures 4.5A and 4.5B
show friction and TSM loops at different crystaingeratures, respectively. It is evident
from the plot that the friction loops collapse (#ignal gets smaller), whereas the TSM
loops remain constant with an increase in crystalperature. The loops presented in
Figs. 4.5A and 4.5B were taken along [110], butdtier crystallographic directions also
showed similar behavior. This observation is cdesiswith expectations that friction is
thermally activated, while transverse shear is matither, we probed the origin of
friction by performing the conventional time-temgiemre superposition analysis and

calculated the activation energy for friction.

78



4.2.4 Activation Energy for Friction
Figure 4.6A shows the friction versus crystal terapge plot for [110] and10], where

the friction acting between the probe tip and thgstal surface decreases sharply at
higher temperatures (beyond ~ 60°C). On the othrdhthe TSM signal is found to be

independent of the crystal temperature in the teatpee range 25°C -75°C along

different crystallographic directions (plot not shg. At crystal temperatures above 85°C
the height images of pentacene crystals show soeae at the surface, thus the highest
temperature was limited to 75 °C in both the FFM #re TSM experiments.

In order to further investigate the nature of fontand its activation energy, we
employed the method of rate-temperature superpositt*?? Figure 4.6B shows
isothermal friction versus tip-velocity along [11fdr 7 nN applied normal load. The
plotted temperature (62 °C to 75 °C) and velodégq than 1 pm/s) regimes were chosen
because the friction showed activated behavioh@sé regimes. Figure 4.6C shows the
superimposed data onto a master curve from a shagieontal shift factor (@ for each
temperature. The Arrhenius dependence of thehawn in Fig. 4.6D clearly identifies
friction as an activated process and the slopehefpiot can be used to calculate the
activation energy.

Figure 4.6D also demonstrates that the activatioargy increases with an
increase in normal load: 4 nN = 6 kcal/mol, 7 nGkcal/mol, 14 nN = 42 kcal/mol,
and 22 nN = 52 kcal/mol. In order to explain thiepomenon, we need to consider the
shear and the compressive stresses acting atsartiple interface. In both traditional

rheology and friction force microscopy®**!**?lelevated shear stress on polymers can
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Figure 4.5 Friction and TSM Loops as a function ofSubstrate Temperature (A) Friction
loops (trace and retrace scans) as a function mfapene crystal temperature. The width of the
friction loops decreases with an increase in teatpeg, i.e., the friction signal decreases with an
increase in sample temperature. (B) TSM loops ametion of pentacene crystal temperature.

The width of the TSM loops remains constant withimerease in temperature, i.e., the TSM
signal is independent of pentacene crystal temyerat

80



n O 62 1 F=7nN
10 "m ¥ " _ = L1o|® 65 [110]
] [110] L ] vV 67 e
S < |AT0 0o A
> > A 75 .
é — y A " é 90— . ,V' N :’V
c _ T c /, ’,'A
060' A u (@) b,/,’
S A 570 5 A
E £ VA =" A’/
y 50-
30 40 Ts'gc 60 70 E -(I).'e T 02
(0] V
C (°C) D | '910( ) |
O 62 F=7nN 4 nN
mos L0 31m 7on O]
1101 v 67 .0 | m14nN S om
S |AT0 0. ] m22nN
Egp{AT5 vAa 1 & i
S JaT N = P T
S 70 1 T
= Py v ot
501 4" {1 01 ¥
0.8 0 08 288  2.92 296  3.00
log;o(ar.v) 1/T(K) * 1000

Figure 4.6 Time-Temperature Superposition for Fricton (A) Friction versus crystal
temperature plot along [110] alﬁl_ﬂO]directions. (B) Isothermal friction versus tip-veity plot

along [110] for 7 nN applied normal load. (C) Masterve obtained from the superposition of

different curves in panel B using a fitting paraends) for each temperature. (D) The Arrhenius

dependence ofraat different applied normal loads. The slope @f pfot is used to calculate the
activation energy of friction.
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aid the activation of dissipative molecular motiofr®on linear response), even if
experimentally actuated by an elevated loading efofice., via the friction-load
relationship); whereas on simple inorganic crystalsystems, elevated loading force has
been found to hinder activation, suggesting theidante of compressive stré&¥! In

the present case, an observed increase in activatiergy with increasing normal load
can be rationalized by the presence of dominantpcessive stresses at the pentacene
crystal-tip interface. Another important observatis that the activation energy shows no
anisotropy within a standard deviation of + 2 kewdl. This is an interesting observation
because the friction magnitude is anisotropic, the related activation energy is
isotropic. This observation suggests that the ordgfifriction is a single activated mode
and the cantilever dissipates different “chunks’tieé dissipated energy while scanning
along different crystallographic directions. Thigtriguing behavior is the subject of

ongoing investigation.

4.2.5 Mathematical Equation for TSM

The different velocity and temperature dependerfcériction and transverse
shear clearly indicates that their physical origins different. Specifically, the absence of
velocity and temperature dependence for the TSMasiguggests that it is related to
elastic deformation at the tip-sample interface pfabe this hypothesis, we developed a
mathematical model using the theory of linear augt'®? describing elastic
deformation acting at a tip-sample interface. Thiddel is a substantial improvement of

our previous model which proved only that the TSlyhal will be zero for an isotropic
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material independent of the scanning direction fgg@endix A). The improved model is
general and can be used to calculate the elagbecndation and hence, the TSM signal in
terms of the components of the elastic tensor fyr raterial (see Appendix B). The
general equation describing the TSM signal in amagden plane containing principal
directions (1 and 2) is given by:

TSM= G E,,(-cos’ dsind i+ E,,,(co® sind 3 E,, (2c6¢ sth- 2Bs $th+
E,,,,(coS @ sid— cod sitd } B, { 3céd <A+ @ +)
2E,,,,(3cos @ sifg- sing )]

whereG is a lumped constant with units of V/Pa descriltimg cantilever-tip geometry,
the sample strain, the tip-sample contact area,th@dnstrument sensitivityd is the
angle between the scanning direction and the ma@hcdirection 1, andEj, are
components of the fourth order elastic modulusdensth units of Pa.

The above equation for the TSM signal describesémtilever twist based on the
components of the in-plane elastic modulus tensdrifigoes to zero for an isotropic
material. Figure 4.7A shows the experimental TSNadélled triangles) obtained on a
pentacene single crystal and the correspondir{gdiid line) based on the TSM equation.
For the TSM calculations, we took the (1-2) plasdle &-b) plane because the crystal
plane under analysis is tr#100]-b[010] plane of pentacene. The fit can be used to
calculate the relativa-b plane elastic constants for pentacene single alsysthich are:
E1111 ~ 1.8 E2222 E1212 ~ 0.2E2200 En1220 ~ 0.6 E2222 E1112 « E220 @andEzz12 « Ez202. In
order to verify the accuracy of the calculationsl dhe fit, we compared the obtained
relative magnitudes of elastic constants of pem@ceith that of anthracene single
crystall*** The similar molecular structure and herringbonekjray of anthracene and
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Figure 4.7 TSM: Experiments versus Mathematical Moeéling (A) Plot of TSM signal versus
scanning directionf]. An excellent agreement between the experimer&\ measurements
(filled triangles) and the modeled TSM signal (ddine) indicates that the origin of TSM is
elastic anisotropy at the sample surface. The digan be used to calculate the relative plane
elastic constants for pentacene single crystallwlie:E;111 ~ 1.8E2205 E1212~ 0.2E2005 E1100~
0.6 Expop, E1112 « Engos, andEssy, « Exsso The dashed line represents the modified TSMplan
the value oEj,»is increased by ~ 60 %.(B) Schematic showing tigukar dependence of TSM

signal overlaid on a pentacene single crystal strac
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pentacene molecules makes anthracene’s elastitaotsmisan excellent choice, as the
relative magnitudes of different elastic constastisuld be similar in the two organic
crystals. In fact, a good agreement between tlagivelmagnitudes of elastic constants in
the two crystals indicates that the origin of TSMalastic anisotropy at the sample
surface, and that the elasticity model can pretde{TSM signal.

Figure 4.7B is a scheme depicting the angular digrese of the TSM signal (or
image contrast) on a pentacene single crystaltsteicThe color variation in the diagram
demonstrates that the TSM signal is zero for s@attibns along tha [100] andb [010]
axes. The maximum clockwise (positive) twist isadtsed when scanning along the [110]
diagonal, whereas maximum counter-clockwise (negatitwist is obtained when
scanning along thf10] diagonal.

The detection of elastic shear deformation by TIMaurse implies that such
deformation also occurs in conventional FFM, aseetgd. However, comparison of the
TSM and friction signals in Figs. 4.2 and 4.3 rdgdhat the TSM signal is at least a
factor of 10 smaller, meaning that in FFM the effeaf elastic deformation on sliding
friction are masked by the much larger contribugiah activated, stick-slip behavior to
the total friction signal. The reason TSM is sausito elastic deformation is that when
the scan vector is parallel to the cantilever,dbivated, stick-slip phenomena are much

less likely to generate a torque about the cargilexis.
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4.3 Conclusion

In conclusion, we have demonstrated that elastearsideformation forces on
molecular surfaces can be cleanly detected usingriant of lateral force microscopy,
termed transverse shear microscopy. Tip velocityd aremperature-dependent
measurements demonstrate that both conventional &kMTSM reveal anisotropy on
crystalline organic surfaces, but that FFM is attd while TSM is non-activated. A
linear elasticity model accurately captures the Tigsponse in terms of the components
of the in-plane elastic modulus tensor of the niatewhich in turn indicates that the
relative magnitude of the in-plane tensor componerdn be determined from the
crystallographic dependence of the TSM contrasadadition, the ability to image elastic
anisotropy at high resolution is useful for micrastural characterization of soft
materials, and for relating other physical promsrte.g, optical, thermal or electrical

anisotropy) to bonding anisotropy in such systems.

4.4 Experimental

Single crystals of pentacene were grown from & tpgrity source (99.8 %)
through horizontal physical vapor transport andytheere indexed using a Bruker
diffractometer fitted with an area detector. TheMr&and FFM experiments were
conducted on a Molecular Imaging PicoPlus SPM (Agient model 5500): this is an
environmentally controlled, tip-scanned system vdtisample heating stage. Humidity
was kept constant at ~20 % throughout the expetsneérhe probes used for AFM

experiments were uncoated silicon “diving boardhtdavers with integrated contact
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mode tips fabricated by MikroMasch, USA (model N&6@G&id force constant ~ 0.95 Nm
). Each probe was used for both TSM and FFM measmts to remove the tip
dependence of the measured signal. Pentacene singials were manually rotated
under the force microscope in order to measurd 8 and FFM signals along different
crystallographic directions. A constant normal lgad2 nN) was applied during the
variable temperature and velocity experiments. myrithe variable temperature
experiment, the cantilever deflection set-point \adgisted after every temperature step

using force curve analysis in order to compensatéhiermal drift.
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Chapter 5

Microstructural Characterization of PolycrystalenOrganic
Semiconductor Monolayers

(Contributing Authors: Vivek Kalihari, E. B. Tadmdgreg Haugstad, C. Daniel Frisbie)
(Reprinted with permission from “Grain Orientatibtapping of Polycrystalline Organic
Semiconductor Films by Transverse Shear Microscopgizanced Material20 (2008))

The microstructure of ultrathin organic semicortdudilms on gate dielectrics
plays a pivotal role in the electrical transportfpenance of these films in organic field
effect transistors (OFETs). Unfortunately, convemél materials characterization
techniques such as scanning electron microscopytamakeling electron microscopy
cannot be used to probe these ultrathin films bezaaf the issues related to beam
damage, requirement of conductive substrates, igodous sample treatment. Here we
demonstrate that a novel scanning probe microsomgthod, which we term Transverse
Shear Microscopy (TSM), produces striking, high tcast images of grain size, shape,
and orientation in films of polycrystalline organic materials. $ffecally, the grain
orientation mapping by TSM can be employed to gbamgrain morphology, grain
boundary density and the relative proportion ohkéggle grain boundaries in ultra-thin

organic semiconductor monolayers grown on commeledirics.

5.1 Introduction
Polycrystalline organic semiconductor films play cantral role in organic

electronics because their inherent order, relatdov@morphous films, facilitates more
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efficient charge transport. Carrier mobilities irystalline organic semiconductors are
generally at least a factor of one hundred greii@n in their amorphous counterparts,
which is attractive for certain device applicatiopeach as OFETs, where higher charge
mobilities result in better performanGé®36:137.138.139

In analogy with conventional semiconductors.g( poly-Si), the electrical
performance of polycrystalline organic semiconduclayers is sensitive to grain
morphology and alignment, as well as to def@f{g3140141.142.143nqeed, recognition of
the importance of microstructure has lead to extenstructural characterization of
organic semiconductor films by X-ray diffractib{'*®! and optical**®!
electron'?22324147land scanning probe microscdfy? Yet there are still many aspects
of organic semiconductor microstructure that aré well understood and detailed
correlations with transport are rare. One surpgsipottleneck to understanding
microstructure-property relationships has beerdifieulty of producing clear images of
grains in extremely thin, coalesced layers of oiga@emiconductors on technologically
relevant substrates, such as gate dielectrics hwdrie critical components of OFETSs.

Here we demonstrate that a novel scanning probeosuopy method, which we
term TSM, produces striking, high contrast imagkegrain size, shape, amdientationin
films of polycrystalline organic materials. The lgito image grain orientation is a key
feature of TSM and the resulting Grain Orientatidiaps substantially enhance the
possibilities for quantitative analysis of micrastture. For the ultrathin (1-2 nm) organic

films we describe here, the grain orientation anapge recorded in the TSM images are

difficult to visualize by any other microscopy meth Furthermore, by combining shear
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deformation experiments with theoretical analygis,show that the mechanism of TSM
orientation contrast originates from the intringlastic anisotropy within individual
grains. Thus, TSM has intriguing potential as aadtp applicable method for
guantitative microstructure analysis, not only mganic semiconductors, but for any
suitably soft, crystalline material with a tensoodnlus in the image plane. Our results
substantially expand on an earlier report of TSMgnd®® in which we demonstrated
orientation dependent contrast but did not anallyedilm microstructure nor identify the

imaging mechanism.

5.2 Results and Discussion
5.2.1 TSM: Working Mechanism

In TSM, depicted in Figure 5.1, the scanning dicectof a force microscope
probe tip isparallel to the cantilever axis, and the lateral deflectmntwist of the
cantilever is recorded with the help of a laseri{pms sensitive photodetector set-up.
This mode of operation differs from the better-kmofsiction force microscopy (FFM)
techniqgue in one respect only, namely that in FHFMWe tscanning direction is
perpendicularto the axis of the cantilever. In FFM, the cantetwist is governed by
the net friction force acting at the tip-sampleenfdice. Whereas, the alignment of the
scan vector parallel to the cantilever axis in TBkans that any observed twisting of the
cantilever results from net shear forces on thé@itg that are transverse to the scanning
direction. Relative to FFM, TSM has enhanced swtigitto the elastic deformation

properties of crystals and thus can reveal crygiediphic orientation in situations where
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Photodetector

Figure 5.1 Transverse Shear Microscopy (TSM).Scheme illustrating the working
mechanism of TSM. The twisting of the cantileved&ected by a deflected laser beam
which hits a position sensitive photo-detector. Wiseanning in a direction parallel to
the cantilever long axis, the cantilever twist deggeon the crystallographic orientation
of the grain under the tip. The exploded view deptbe herringbone packing motif of
pentacene molecules within the a-b plane of eaaim @nd the relative grain orientation.
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FFM cannot. It is important to note that LFM hasbeised previously to determine
chain orientation in crystals of polymét&14150However, the sensitivity of TSM to
elastic properties distinguishes it from FFM in ehidissipative (frictional) forces

dominate, a point that is born out by direct congmar of FFM and TSM images.

5.2.2Pentacene Monolayer Films

Our investigations focus on ultrathin films of theenchmark organic
semiconductor pentacene that have applicationesadtive layers in OFETs. Pentacene
(Ca2H14) is a polycyclic aromatic hydrocarbon molecule sisting of five linearly-fused,
six carbon rings, and it packs in a triclinic ungll. Figure 5.2 shows the molecular
structure of pentacene along with the face to quigking motif (herringbone packing)
for pentacene molecules on Si€ubstrates (where all the molecules are standginght
on the substrate). The exceptional performanceenfgzene films in OFETSs is ascribed
to the favorable crystal packing and the textupalycrystalline film morphology (all
grains are oriented with the [001] direction appmoately perpendicular to the substrate)
which result in a high degree of intermolecutaorbital overlap in the plane of the
film.1967 151152Because the gate-induced charge in an OTFT isreftatically confined
to an ultra-thin portion of the organic semiconaduatearest the gate dielectric, it is the
crystalline packing and microstructure of the fifgw molecular monolayers of
pentacene immediately adjacent to the dielectritasa that are critical for transistor

performancé!?*1%3
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Figure 5.2 Pentacene: Molecular Structure and Pachkig Top view and side view of the
layered, crystalline packing of pentacene moleculethe a-b plane. On Si&ubstrates, grains
are oriented with the a-b plane parallel to thestalte (as the (001) plane has the minimum

energy) and the molecules are standing uprighberstibstrate.
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X-ray diffraction experiments have establishedpbbycrystallinity and unit cell structure
of pentacene monolayers and multilayers on typitialectrics, such as Si#%"?
However, direct imaging of the microstructure afadthin (1-2 nm), coalesced layers of
pentacene, or similar small molecule crystallingamic semiconductors on dielectric
substrates, has not been reported by conventitetl@n or scanning probe microscopy.
Tromp and colleagues successfully used photoemisdextron microscopy (PEEM) to
image the growth of pentacene mono- and multilayerssilicon”? They observed
significant contrast between isolated pentacenstaltites and the underlying silicon, but

the shape of discrete grains in coalesced mondayas not clearly evident.

5.2.3 TSM of Organic Semiconductor Monolayer Films

Figures 5.3A, B, and C present the topographicyeotional FFM, and TSM
images of the same region of a pentacene monofdgergrown on SiQ by vapor
deposition. The topographic image reveals a nelafureless coalesced pentacene
monolayer, with islands corresponding to the stardecond layer growth. In the FFM
image (Figure 5.3B), there is substantial contbastveen the first and second layers of
pentacene, but there is almost no contrast withénfirst pentacene layer. On the other
hand, the TSM image (Figure 5.3C) displays remdekabntrast in the first pentacene
layer highlighting the shapes of individual facetgdins. These results are general: we
have observed the grain structure in coalesced Iapers of other organic

semiconductors with dissimilar packing arrangementa variety of different substrates
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Figure 5.3 TSM versus Frictionimages A, B, and C are 10 um X 10 um contact moeisl A
images of the microstructure of a fully coalesdest fnonolayer of pentacene grown on $i®)
Conventional topography (height) image showingva dendritic second monolayer islands on a
fully coalesced first monolayer. B) FFM image ratneg friction contrast between the first
monolayer and the second monolayer, but no contridisin the first monolayer. C) TSM image
showing well-defined, faceted grains in the firsbrmolayer. In this image the contrast

corresponds to grain orientation.
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Topography TSM

Figure 5.4 Generality of TSM Topography and TSM images of monolayer films ofioas
organic semiconductors on multiple dielectrics. TisM images reveal grain size and shape, and
reflect the generality of this unique techniqueifoaging different organic semiconductors with
dissimilar packing arrangements on a variety ofktalbes. (A and B) correspond to a monolayer
of pentacene (p-type organic semiconductor withegimgbone packing motif) on strontium
titanate SrTiQ, (C and D)correspond to a monolayer film of napthalene-2th@me-napthalene
(p-type organic semiconductor with a herringbonekjpay motif) on SiQ; (E and F) correspond
to perylene tetracarboxylic di-imide derivative HIIEC; (n-type organic semiconductor with a

n-stacking geometry) monolayer on %iO



using TSM. Figure 5.4 shows height and correspand@®M images of ultrathin films of
pentacene on strontium titanate, napthalene-2teiopimapthalene (p-type organic
semiconductor with a herringbone packing motif)Qi,, and perylene tetracarboxylic
di-imide derivative PTCDI-g(n-type organic semiconductor withstacking geometry)
monolayer on Si@ In all instances, the contrast in FFM and topphyaimages was
weak or non existent and did not provide any micuasural information, while in TSM
the grain shapes were obvious. The generality &f TsSSsupported by much earlier work
by by Ward**” who demonstrated that crystalline domains in edetemically grown
molecular monolayers on graphite could be visudl@enveniently by TSM, though they

did not elucidate the mechanism of contrast, nerggnerality of the method.

5.2.4TSM on Pentacene Single Crystals
The contrast in TSM is clearly not of topographragm, but is related to the

crystallographic orientation of grains with respecthe scanning direction. Several inter-
related questions naturally arise, namely, theipeeinterpretation of TSM contrast, the
origin of transverse shear stresses in a scannoigepexperiment, and the difference
between the shear stresses detected in convenk&ialversus TSM modes. To address
these issues, we have carried out TSM analysither(@01) face of single crystals of
pentacene; the crystal structure of bulk pentacekaown and the packing of molecules
on this face is analogous to the known packingpermtacene monolayer on $i¢f¢®!
Figure 5.5A displays an optical micrograph of tB@1) face of a macroscopic

pentacene crystal grown by vapor phase transpbe. cfystal was indexed by X-ray

diffraction. The long axis of the rectangular stthjpeystal lies along110] as shown.
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Figure 5.5B depicts the herringbone packing of pegrte molecules in the (001) or a-b
plane and several key crystallographic directiofgures 5.5C, D, an&E show the
transverse shear signale(, the twisting of the cantilever, as measured H®y position
sensitive photodetector, versus distance) for wdffe scan vectors on the (001) crystal
face. For each scan vector, the crystal was reposd in the force microscope so that

the cantilever axis was parallel with the forwadrs vector direction. When the scan
vector pointed along110] (forward scan), Figure 5.5C, the twist signal vpasitive
(+20 mV); for the reverse scan, corresponding szan vector in the antiparallg10]
direction, the twist signal was negative and appnaxely equal in magnitude (-20 mV).
We can view the twist signal for the forward andemse traces in Figure 5.5C as a
“clockwise” hysteresis loop. The difference in ti&M signal between the forward and
reverse scans in the loop is 40 £ 3 mV, which ésttital TSM signal.

Figure 5.5D demonstrates that when the scan veguimted along[110] and

[110] (forward and reverse scans, respectively) the sfgihe twist signal was exactly

opposite to that in Figure 5.5Ce., we observed a “counter-clockwise” hysteresigploo

The total TSM signal in this case was -34 + 3 mi\guFe 5.2C. When the scan vector

was aligned alon§010] or [100], the hysteresis loops collapsed, Figure 5.5Epthers

no TSM signal within the £3 mV noise limit for eghforward or reverse scan directions.
The data in panels 5.5A-E demonstrate unambiguotisdy the sign and

magnitudeof the TSM signal depends on the precise relatipnisetween the scan vector

and crystallographic orientation. Importantly, tpiecise dependence makes it possible

to use TSM to index directions on the (001) facarofrbitrary pentacene crystal by
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Figure 5.5 TSM signal {.e., the sign and magnitude of cantilever twisting) © Pentacene

Single Crystal A) Optical image of an indexed pentacene crystal whiak repositioned in the
force microscope three times to measure the TSMNores along distinct crystallographic
directions. B) Molecular packing in the a-b plank a pentacene single crystal, which is
analogous to the known packing in a pentacene ragapobn Si@ The curved arrows show the
clockwise or counter-clockwise sense of the cargilgéwisting when scanning along different
crystallographic directions. CA clockwise hysteresis loop (twist signal versys iosition) is

obtained when the forward scan direction is aldi)]. D) A counter-clockwise hysteresis loop

is obtained when the forward scan direction is gl{iri_LO]. E) No hysteresis loop is obtained

when the tip scans along either [100] or [010].

99



recording TSM hysteresis loops along different aimns. Along [110] or [110]
directions (they are antiparallel and equivaletit® hysteresis loops will be clockwise
and maximized. Alongl10] or [110] (also equivalent), the hysteresis loops will dso
maximized but they will be counter-clockwise. Ottlsese two directions are established,
determination of the other directions is straigiwfard either by additional TSM
measurements to locate the “zero signal’ directi¢ii®0] and [010]) where the
hysteresis loops collapse, or by prior knowledgethaf crystal structure. This biased
twisting of the cantilever can be used to assign[ii0] direction in each grain of a

polycrystalline pentacene film, a fact that we expld to produce Grain Orientation

Maps of these polycrystalline films.

5.2.5 Elastic Anisotropy

The question of the physical origin of the TSM sigremains. We hypothesized
that transverse shear arises from anisotropy ieldeic properties of the crystal. Indeed,
tensile testing on anthracene crystals has alreathplished that the elastic modulus is a
tensor quantity in oligoacenEfE‘,‘] and elastic anisotropy within the (001) plane of
pentacene is expected based on the inherent agoin intermolecular bonding”
Anisotropy in the measured carrier mobility, fomexple, is an accepted manifestation of
anisotropy in pentacene intermolecular bondiit):>®! Anisotropic molecular responses
in organic crystals by nanoindenting and nanoshiagchave also been reportéd!

A simple mechanical model demonstrates that aastiehlly anisotropic medium

will generate non-zero shear stress on a probéraisverse to its scanning direction,
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provided the scanning direction is not along a swtnizal axis (see Appendix B). This
model does not take into account the stick-slipavedr associated with real sliding
contacts, nor any dissipative (frictional) processeonly accounts for stresses associated
with elastic deformation. Nevertheless, it suppats conclusion that any elastically
anisotropic surface can generate a transverse &irear

To test these ideas experimentally, we carried puined-contact shear
modulation measuremeHt§*°°1%1¢lon monolayer films. In these experiments, the
lateral position of the cantilever is dynamicallpdulated by an amount that is below the
onset of measurable tip sliding, as determined ff@urier analysis of the respon$ée
cantilever, at a controlled normal load, is wiggieda directionperpendicularto the
cantilever axis with a sinusoidal input to the aprate transducer, and the lateral
deflection response is recorded. In the purelyicstagime, that is when there is no
slipping of the probe tip, the lateral deflectiamyides a measure of the shear stiffness of
the sample. Our goal was to determine whether wddodetect stiffness anisotropy by
shear modulation in different grains of a polycajlgste monolayer film. As different
grains are oriented with respect to each otherghwg the cantilever in a given direction
would measure the stiffness along different crysgahphic directions in separate grains.
Indeed, different lateral deflection amplitudes f&rear modulation in two different
grains in a monolayer film confirmed the presendesignificant elastic anisotropy.
Figure 6 clearly shows that the average lateratileser response in a bright grain is

different from that of a darker grain.
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Figure 5.6 Pinned Contact Shear Modulation Experimet In a shear modulation experiment
the lateral position of the cantilever is dynamicahodulated by an amount that is below the
onset of measurable sliding, and the resultantileseat twist is measured. In all the figures the
blue double-head arrows represent the input sidakanotion and the red double-head arrows
shows the sinusoidal twisting response of the leagti. The amplitude of cantilever lateral twist
varies from one grain to another on a pentaceneolager, when the wiggling direction is

parallel to the axis of the cantilever or perpenldic to the axis of the cantilever. However, the
magnitude of the lateral response is ~ 10 timedlemahen the cantilever is wiggled along the

axis of cantilever.

102



Twist [mV]

T T T T 1
0.2 04 0.6 0.8 1.0

Time [arbitrary units]

T T T T
0.2 0.4 0.6 0.8 1.0

Time [arbitrary units]

Figure 5.7 Pinned Contact TSM Modulation Experiment A “wiggling” or point contact shear
modulation experiment confirms the sensitivity @M to both grain orientation and anisotropic
elastic response. With the tip fixed at a pointeohright pentacene graing, a grain showing
large TSM signal in an image), wiggling the canligtip assembly in a direction parallel to the
cantilever axis (blue arrow) results in an in-phédeckwise) cantilever twisting response. On a

dark grain, the same wiggling experiment gives ataf-phase (counter-clockwise) twisting
response.
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To probe the origin of the transverse shear reggom® changed the shear
modulation direction to bgarallel with the cantilever axis and repeated the pinned-
contact shear modulation experiment on two hightregh grains in a monolayer film.
The amplitude of cantilever lateral twist variesnfr one grain to another on a pentacene
monolayer, even when the wiggling direction is fatdo the axis of the cantilever (as
shown in Fig. 5.7). However, the magnitude of tieral response is ~ 10 times smaller
when the cantilever is wiggled along the axis ofitdaver, as compared to wiggling
perpendicular to the cantilever axis. Along with asaring the sinusoidal cantilever
lateral response, we also recorded the phase tagée the input sinusoidal motion and
the lateral twisting response, depicted in Fig. Sfear modulation on the bright grain
produced a TSM signal in-phase with the modulatioput signal, whereas on the
adjacent dark grain the same experiment producE8M response exactly out of phase
with the input motion. The TSM response on bothrngran a pinned-contact experiment
is strong evidence that the origin of transverssasims related to elastic anisotropy of the
grains. In addition, the phase difference betwdenibhput sinusoidal motion and the
resultant transverse shear signal for the darkngsaiexpectedi.e., an in-phase TSM
signal corresponds to a clockwise twisting and attaf-phase signal corresponds to
counter-clockwise twisting.

In conjunction with our mechanical model (see AgpeB), these results support
the conclusion that elastic anisotropy is a priacipontribution to contrast in TSM
images and thus the technique is generally appédalelastically anisotropic solids. The

data in Figure 5.5 suggest why the TSM method lsbaen broadly recognized. On
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pentacene crystals, the TSM signal is nearly afamft 10 smaller than the conventional
FFM signal. Because the TSM signal is likely to $meall for many materials, any
inherent surface topography that produces cantil@rsion will obscure the contribution
to transverse shear arising from elastic deformgtimcesses. Additionally, it is notable
that low modulus, compliant materials are morelyike yield measurable TSM signals
than stiff materials. This is because the torquett@ncantilever is proportional to the
shear strain induced under the tip (Appendix A)farals with small tip-induced strain
will generally have smaller torque, especiallyhi&telastic anisotropy is not very large.
For these reasons, the very flat and relatively sagjanic semiconductor films that we

describe here are ideal samples for TSM.

5.2.6 Grain Orientation Maps
With an understanding of TSM contrast in hand, \meehused the technique to

analyze the microstructure of pentacene monolalpas fin detail. Figure 5.8A shows a
TSM image of a coalesced pentacene monolayer ichathie [110] direction has been

labeled on each individual grain, producing a Gr@nentation Map. Grain orientation
mapping is possible based on the contrast mechaiisnexample, the darkest grains in

Figure 5.8A yield counter-clockwise hysteresis ®am forward and reverse scans,

meaning the scan vector is aligned alofig0]. The bright grains correspond to
clockwise loops with the scan vector aloig0]. Grains that have intermediate contrast
correspond to alignment of the scan vector betwjg&0] and[110]. We used simple

linear interpolation of the color scale to estimite[110] direction, Figure 5.8A.

105



(7]
2
S
©
©
c
=
o
Q9
=
©
o
(o))
++

relative orientation

Figure 5.8 Grain Orientation Map and Grain Boundary Analysis. A) A TSM-generated
Grain Orientation Map, where the arrows indicate [ 0]direction in each grain. The bright

contrast corresponds to clockwise cantilever twigtiwhile the dark contrast corresponds to
counter-clockwise cantilever twisting. B) TSM imagjgowing high (H) and low (L) angle grain
boundaries. The histogram indicates that ~ 90% h&f grain boundaries present in the
polycrystalline first monolayer of pentacene on S high angle.
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An important benefit of Grain Orientation Maps It they allow determination
of the relative population of high and low anglaigrboundaries (GBs), Figure 5.8B.
Several groups have reported evidence that GBseapmnsible for charge trapping and

2183 The ability to quantify the density and

lower charge mobilities in OTFT¥
orientation of grain-grain contacts therefore opgpsnteresting possibilities for probing
the connection between transport and microstrudtudetail. Conventionally, a GB is
low angle if the relative orientation between adjatcgrains is less than 15°, otherwise it
is referred to as high andf&¥” Figure 5.8B shows a magnified TSM image in which
high angle (H) and low angle (L) GBs have been tified by calculating the angle
between [110] directions in adjacent grains. Analyg 15 grains (~ 90 GBs) picked at

random indicates that approximately 90% of GBshisin the TSM images are high

angle, as indicted by the inset to Figure 5.8B.

5.2.7 Grain Shape and Size

Grain Orientation Maps also clearly reveal the ghapd size of pentacene grains,
Figure 5.9. Analysis of several hundred grains aésséhat a large majority (~ 80%) have
six faces, Figure 5.9A. This hexagonal shape camati@nalized by a Wulff construction,
Figure 5.9B, which predicts grain shape based diaceienergy anisotrop$f> To make
the Wulff analysis, we utilized the face-specifiarface energiesy) for pentacene
calculated by Verlaakt al*®® (y(100)= 76.8 mJ/f y(010)= 100.8 mJ/fy(110)= 83.2

mJ/nf andy (110)= 80 mJ/mM) and the known thin film phase lattice paramefétsThe

construction suggests two types of angles betwdtamaht faces of a single grain, four

107



>

200 ~80 %

-

(2

o
1

100

(2
o
1

Number of grains

o
L

4 5 6 7 8 9
Number of faces of a grain

| Slope = - E /k

Grain size [um]

300 310 320 330 340

1000/T [K]

Figure 5.9 Grain Shape and Sizé) Histogram indicating that about 80% of the grairssble

in TSM images of a pentacene monolayer are sixdsi#g A Wulff construction for a pentacene
monolayer confirming that faceted, six-sided graare expected based on surface energy
anisotropy. C) Semi-logarithmic plot of TSM-deten®idl grain size (an effective radius) versus
substrate temperature for pentacene monolayersngmwSiQ. The straight line shows the
Arrhenius variation of grain size with substratmperature. The slope of the line corresponds to -

En/2k, where [ is the activation energy of nucleation and k & Boltzmann constant.
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of approximately 128° and two of approximately 105he measured angles from the
TSM images of forty of such six-sided grains canfitwo sets of angles between
different faces of a grain: (137°+ 3°, 133° + B27° + 5°, and 121° + 5°) and (106° £ 7°
and 98° + 7°). We conclude that under the growtddmns we employed, the pentacene
grains in the first monolayer have adopted largejyilibrium grain shapes with faceting
dictated by surface energies.

To determine the kinetics of grain growth, pent&ceronolayers were grown on Siét
different substrate temperatures at a constantsitigorate of ~ 0.01 A/sec. Figure 9C is
an Arrhenius plot of the grain size (an effectiaeius) versus the substrate temperature
(T). It is evident that the grain growth is theripahctivated and the straight line fit
provides the activation energy of nucleati&q ¢ 800 meV) for pentacene crystallites on
SiO,. This nucleation energy in turn can be used injwwtion with conventional
diffusion-limited growth models to estimate theieation energy for diffusiof’® We
calculate the activation energy of diffusidés)] of pentacene on SpQo be ~ 1 eV (see

Appendix C), which to our knowledge has not beeemeined previously.

5.3 Conclusion

We have demonstrated that TSM, with its sensitittygrain orientation, is a
powerful approach to probe the microstructure tfadthin crystalline organic films. The
mechanism of TSM contrast relies on mechanical gnags of the material, specifically
the in-plane elastic anisotropy, and thus TSM wié useful for visualizing

microstructure in any suitably smooth, elasticalbmpliant, and anisotropic crystalline
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film. We have demonstrated specifically that grairentation mapping by TSM can be
employed to quantify grain morphology, grain boundaensity and the relative
proportion of high-angle grain boundaries in ulthed organic semiconductor
monolayers grown on common dielectrics. Collectiyéhese findings establish TSM as
a promising new method for quantitative characsion of microstructure in crystalline

soft materials.

5.4 Experimental
Thin film and single crystal growth

Monolayers of pentacene and other organic semiaiotkl were grown by
thermal evaporation of the corresponding sourcen@tonto insulating substrates under
vacuum pressure of ~ 6 x 1@ orr and deposition rates of ~ 0.01 A/sec. Theonitsj of
the monolayers were grown on p-doped silicon wafeith thermally grown 300 nm
thick amorphous silicon dioxide overlayer. High ipupentacene source material (~
99.8%) was purified by repeated sublimations beforeas used to grow films. All the
TSM images and analysis were based on freshly gpemtacene monolayers and single
crystals.
Transverse Shear Microscopy

All TSM images were taken on a Veeco Nanoscopge iultimode atomic force
microscope under ambient conditions. The probesl ficse AFM measurements were
silicon nitride V-shaped cantilevers with integdateontact mode tips fabricated by

Veeco Metrology, USA (Model DNP and force constartt.58 N/m). The TSM signal is
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very sensitive to the tip contamination, so thes tipere cleaned with DI water, ethyl
alcohol and acetone before imaging. The images wolt@ned at a nominal load of ~ 3
nN. The scan rate used for a (10pum X 10um) image was 1.5 Hertz. All the TSM
images were taken at low relative humidity (~ 20%#)d it was observed that at higher
humidity levels the TSM contrast was less prominent
Pinned Contact Shear Modulation

The pinned contact shear modulation experimentse wgerformed on a
Molecular Imaging PicoPlus SPM (now Agilent 550Gjhna PicoScan 3000 controller,
and environment control. This is a tip scannedesgsHumidity was kept below 10%. A
Hewlett Packard 33220A Function/Arbitrary wavefoganerator and a BNC breakout
box were used to input and measure the sinusoidéibmgiven to the cantilever. An
extra imaging channel was used to collect these idagynchronization with the response
signals to quantify the phase shift and the datewsellected at low driving frequencies
such that extraneous phase shiftgy, capacitive, are negligible. The amplitude and
frequency of the input sinusoidal motion were ~ th mand 30 Hz, respectively.
Amplitudes above ~ 3 nm produced detectable slidimgletermined by the presence of
odd harmonics in Fourier analy$i8? but to find the exact amplitude (between 1 nm and
3 nm) where the stick-slip transition takes placgart of ongoing research. The integral
and proportional gains during the wiggling expemtsewere intentionally kept very low
(~ 1 in the Molecular Imaging software) to reduaeation of the tip.

For all the modulation experiments a 1D scan wksrntdy zeroing the scan size

along the fast scan axisg, the scan axis perpendicular to the principal afighe
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cantilever in case of conventional shear modulatind parallel to the principal axis of
the cantilever in case of TSM modulation), to saeparthe imposed sinusoidal motion
from monotonic scan motion. During the modulatiaperiments on monolayers, first a
2D TSM image was taken with no modulation and taekD modulated scan was taken
along the center of the image, in order to coreethe average lateral amplitude to the
grain contrast. Immediately after the 1D scan, aT&3M image was again taken without
modulation to confirm the absence of plastic defran of the film. Shear modulation
data were analyzed by taking the OD scans (poemsgcof a 1D image.€., a plot of
lateral amplitude vs. time) to compare the relatisteral responses along different
contrast grains in monolayer pentacene films. Theftware package IGOR
(Wavemetrics, Inc.) was used to calculate the aogdi and the phase of a lateral
response. Fast Fourier Transform plots were alstyaed for the point scans to verify
the no-slip condition.
X-Ray Diffraction

A Bruker SMART 1000 CCD diffractometer was usedntap crystallographic
directions and planes in a pentacene single crystal
Photodetector Non-Orthogonality

Photodetector non-orthogonality (coupling betweserhl and vertical cantilever
deflection) can be a critical factor in TSM becao$ehe relatively small magnitude of
the twist signal. Figure 5.5E (main text) showd tha TSM loops collapse when the tip
scans along [100] or [010] directions and thusrextly addresses this question of non-

orthogonality. To further probe this issue, TSM wasformed on amorphous SiO
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samples and zero signal was observed independéhe agicanning direction. This result
indicates negligible optical crosstalke(, the laser spot displacements for lateral vs.
normal forces are indeed parallel to the intendedtquetector axes) and that the
tip/cantilever assembly is not defectivee( the tip is centered on the end of the
cantilever)®1%®! This finding also backs our conclusion that etasthisotropy is the
origin of TSM signal as we obtain zero TSM signad amorphous and isotropic
materials.

Grain size

Figure 5.10 shows the TSM images of pentacene ragaplfims on SiQ at
different substrate temperatures but at same dapogiate (.01A/sec). An expected
increase in the grain size with increasing the satestemperature is observed. The TSM
image corresponding to the pentacene monolayerdiown at 68C shows no surface
coverage of Si@ by pentacene molecules. This indicates considerdekorption of
pentacene molecules from the substrate 8€6Hncreasing the substrate temperature
decreases the nucleation density and thus the gevegin size increases. Grain size
measurement is done with the help of the grid neeiwexplained below.

After marking the grain boundaries in a TSM imagedtransparent square grid is
placed on top of the image, as shown in Fig. 5THen the grain size is calculated by
counting the number of squares each grain occups.each temperature around 50
grains are measured and the mean and standardiolevid grain size are obtained.
Calculated mean area is then equated to the arthee a@iircle to get the grain size.(d

using equation:
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MeanArea= % x(d,

The calculated grain sizél) is plotted against the inverse substrate temperat
in a semilog axis (Fig. 5.9C). All the points fieWin the linear curve showing activated
Arrhenius dependence of grain size. Slope of tlo¢ @presents activation energy for
nucleation (fgyc) and is ~ 421 meV.

Wulff Construction

Wulff’'s construction predicts grain shapes basedthwn surfaces energies. The
surface energies of liquids and gases are isotrguicthe lowest energy form is the
spherical shape which corresponds to minimum sertaea. However in crystals, the
surface free energies are anisotropic and consdyuire equilibrium shape is not
spherical. The equilibrium crystal shape can berd@hed by Gibbs-Wulff theorem. The
theorem says that all the faces of the crystagjnldrium should follow the rule:

y 1/ hy = constant
wherey; = surface energy of the face{£hkl))

and h; = the perpendicular distance from the centre ottlgstal to this surface

The WuIff construction involves drawing vectors rfroa reference point
corresponding to different crystallographic diren8. For each vector, an intersecting
plane (with same Miller indices as the vector) iaweh such that the angle between the
vector and the intersecting plane represents tleeangle between thera.g, it will be
always 90° in case of cubic packing). The distaret®veen the reference point and the
point of intersection represents the magnitude haf surface energy associated with

intersecting plane. After all the planes are dramndifferent vectors, the equilibrium
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shape is given by the innermost envelope of thersetting plané$®® The following
reported surface energy values were used to cangtre Wulff diagram for pentacene

monolayer grain:

Crystallographic plane Surface energy (meV/ (A)
G 100 4.8
G 010 6.3
G 001 3.2
G 110 5.2
G 1-10 5.0

Table 5.1 Anisotropic Surface Energies for Pentacen
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Figure 5.10 Pentacene Monolayer Grain Size as a Fciion of Substrate Temperature

Figure 5.11 Grid Method to Calculate Grain Size
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Chapter 6

Homo-epitaxial Studies of Ultrathin Pentacene Filnsl Correlation with
Surface Electrostatic Potential

(Contributing Authors: Vivek Kalihari, D. J. Elliso Greg Haugstad, C. Daniel Frishie)
(Reprinted with permission from “Observation of ldnal Homoepitaxy in Ultrathin
Pentacene Thin Films and Correlation with SurfaleetEostatic Potential”,
Advanced Material21 (2009))

Identifying specific microstructure-property ret@iships in polycrystalline
organic semiconductor films is a key goal for thedf of organic electronics. Using
transverse shear microscopy, we have establishethddirst time the presence of both
epitaxial and non-epitaxial domains in ultrathinygoystalline layers of pentacene grown
on SiQ. The microstructure of pentacene films is paridyl important, as pentacene is
a benchmark semiconductor for organic field effé@insistors (OFETSs)Epitaxial
domains in the second pentacene molecular layebieximusual type-ll coincidence
with respect to the first pentacene monolayer, evthie third and subsequent layers show
commensurism with their respective underlayers. atidition, Kelvin probe force
microscopy reveals that the epitaxial domains hsigaificantly more positive surface
potential than the non-epitaxial domains. Collediy these findings establish a
previously unrecognized link between epitaxial orideorganic semiconductor films and
a well-defined electrical property, the surfaceentil, which is known to influence

charge carrier transport parallel to the penta&@efinterface in OFETS.
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6.1 Introduction

Recent developments in the field of organic elest® have generated
widespread interest in identifying structure-prapeelationships for molecular films that
form the active layers in devices such as OFE¥<112%3 organic light emitting
diodes’” organic memorie$®® and organic solar celf! It is generally appreciated
that film microstructure is critically important tdhe performance of organic
semiconductors in devices and there are good examplthe literature in which clear
structure-property correlations have been a2 However, for all classes
of organic semiconductors there remain significg#n questions concerning the precise
influences of microstructure on electrical perfonoa In the case of polycrystalline
films, for example, the basic role of grain size fed effect mobility is still not
conclusively established, with some reports deswila significant decrease in carrier

mobility with smaller grain sizd$>**"

and others reporting no significant
dependencB®1517® Much of the confusion in the literature likely ois from
differences in the specifics of experiments doneaparate laboratories (e.g., substrate
pretreatments). Still, the essential point is tHahdamental understanding of
microstructure-property relationships for organgengconductors is only just emerging,
and much better comprehension is highly desirabtetlfie continued improvement of
organic devices.

In this chapter, we describe a detailed scanninggmicroscopy investigation of

microstructure and properties for the first few stafline molecular layers of the

benchmark organic semiconductor pentaceneHfG, Figure 6.1A) vapor deposited onto
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amorphous Si@substrates. The pentacene/S&)stem is a model crystalline organic
semiconductor/insulator interface that is widelyudsed*’"*7817918% gnd used in
OFETs!1231241531813n( thus insights into the structure and propemiethis interface
have the potential to impact understanding of Oleg&ration. Furthermore, we believe
that findings on this model interface can generbfiytaken as a qualitative guide for the
types of issues that are at play in other crystllorganic semiconductor/insulator
systems.

We describe two major findings in this chapterstiwe have observed a type of
thin film homo-epitaxial growth in pentacene lay#drat has not been reported previously
for pentacene or for any other molecular systenmindgJsransverse shear microscopy
(TSM)P? we show that crystalline, vapor deposited films m#ntacene on SiO
substrates have a specific orientation betweepéhécene layers. The second pentacene
layer exhibits an unusual coincidence-ll type egqitan the first layer, while the third
and subsequent layers show commensurism with timelerlayers. We propose a 4 X 4
supercell structure for the pentacene second layehe first layer, as deduced from the
elements of the transformation matrix that defities orientation between overlayer and
underlayer. Our second finding is that a given peshe overlayer has both epitaxial and
non-epitaxial domains that manifest themselves umfase electrostatic potential
differences. The one-to-one correspondence betwpdaxy and surface electrostatic
potential illustrates that strong coupling betweaorostructure and electrical properties
is inherent to molecular thin films, and it provéde critical, but so far unrecognized, link

between structure and electrical transport behatipentacene/SiOnterface.
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Figure 6.1 TSM Signal Dependence on Pentacene Crghbgraphic Orientation A)
Pentacene molecular structure and monolayer uthiincéne (001) plané®: a=5.9A b=7.6 A,
andy = 90°. B) Pentacene herringbone molecular arrapgertalong with important angles
between the principal axes and the two diagonald)the TSM signal as a function of different
crystallographic directions in theb planel*¥ C) TSM image reveals striking contrast in thetfirs
pentacene monolayer highlighting different graimset shows grain orientations based on the
TSM signal.D) Corresponding topography (height) image shows &lypamalesced first

pentacene monolayer, but does not reveal crystalbtgc orientation.
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6.2 Results and Discussion

In our previous reporté’*? we have demonstrated that TSM produces striking
images of grain size, shape, and crystallographientation in single monolayers of
pentacene on SO The TSM signal depends on the relative orientati@tween a
pentacene crystallite and the cantilever scan véctine (001) plane of a pentacene film,
as shown in Fig. 6.1B. The angular dependenceeot 8M signal produces high contrast
images of grain shapes (Fig. 6.1C) that are noflemti in simultaneously acquired
topography images (Fig. 6.1D). TSM images are dtaively interpreted as grain
orientation maps; the inset to Fig. 6.1C shows th&signment of different
crystallographic directions to individual grainssbd on their TSM signals. The TSM
generated grain orientation map in Fig. 6.1C is adable in the degree of
microstructural information it provides; analysié such images is key to our current

work.

6.2.1 TSM of Pentacene Second Layer

Figures 6.2A and 6.2B display topography and TSMdges of the same region of
a two layer (~ 3 nm) thick pentacene film on Si@he topography image reveals a
nearly featureless coalesced first monolayer witmacross-shaped second layer islands
(bright). The TSM image indicates different sigtalels for each of the cross-shaped
islands I-1ll, reflecting their different crystatjpaphic orientations with respect to the
cantilever scan vector. These cross-shaped islens a general shape composed of two

principal axes: a long axis and a perpendiculartsas, reflecting anisotropic growth.
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Figure 6.2 TSM of Pentacene Second Laydt) Topography image shows a fully coalesced first
monolayer and a few cross-shape second layer sI&)dT'SM image reveals different signals
for each of the second layer islands, indicatirgjrtdifferent crystallographic orientations with
respect to the cantilever scan vector. The TSMadighthe cross-shape second layer crystallites
establishes that the long arm is aligned with Bth®10] axis and the perpendicular short arm
corresponds to tha [100] axis. It is observed that a bright seconcfaygrows on top of dark
first layer and a dark second layer Il grows on tdright first layer, indicating absence of
commensurism. However, second layer Il crystalbfgpears to be commensurate with the
underlayer.
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The TSM signal of second layer crystallites estdilgls that the long arm of the island is
aligned with theb direction [010] of the crystal and the short ax@sresponds to tha
direction [100]. Analysis of hundreds of second elayislands revealed the same
characteristic cross-shape, verifying that thesgpst are typical. Similar anisotropic
growth of pentacene thin films on crystalline Sgladso been reported, measured by low-
energy electron diffraction (LEED) and low-energjeatron microscopy (LEEM)
technique$?”

Importantly, the TSM image in Fig. 6.2B revealsttlizere is strong contrast
between the second layer crystallites | and Il &mel underlying first monolayer,
indicating the absence of commensurate epitaxyhdfe had been a commensurate
epitaxial relationship, the TSM signal from the dager and the underlayer would be
identical. However, in Fig. 6.2B it can be seert tha bright second layer island | grew
on a dark grain underneath; likewise, the dark seédayer island Il grew on a bright
grain underneath. This TSM contrast rules out thssibility of commensurate epitaxy
for islands | and II. The situation for island #ppears to be different as this island has
the same TSM signal as the underlayer. Specific#llpppears that the island Il is
commensurate with the underlayer. These are geaedateproducible observations; we
have observed both the presence and absence ofeaurism for the pentacene second
layer islands on the first layer.

To quantitatively analyze the contrast betweenséh@nd and the first layer, we
have assigned the axes [010] associated with the firbt) and second layeb§), based

on their respective TSM signals; examples are shawigs. 6.3A and.3B. The angle
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Figure 6.3 In-Plane Orientation between the Pentace First and Second LayerA)
Assignment ob axes [010] associated with the pentacene firgtand second layeb{), based
on their respective TSM signals. The angle betwmamdb, defines the orientation between the
second and the first layef.SM image of a bright second layer crystallite arkdfirst layer
indicating an orientation of 76° + 5° between thda®). TSM image of a dark second layer

crystallite on bright first layer indicating an entation of 77° + 5° between them.
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betweenb, andb; defines the orientation between the second lagdrthe first layer.
Figure 6.3A reveals an orientation of 76° + 5° estw the bright second layer and the
dark first layer, while Fig. 6.3B shows an orierdatof 77° £ 5° between the dark second
layer and the bright first layer (an uncertaintyxd° denotes the 90% confidence limits
in assigning crystallographic directions based ba TSM grey scale). The similar
orientation between the layers suggests a defimedcommensurate homo-epitaxial
relationship for the pentacene second layer offittsidayer.

Indeed, a statistical analysis of the orientatietwieen the second and the first
layers taken from ~ 50 TSM images reveals a wdilhdd and preferred orientation, Fig.
6.4A. A large sharp peak in the Fig. 4A histogranY#® verifies a non-commensurate
organic homo-epitaxy. The small peak at 0° corredpoto second layer islands
exhibiting commensurism with the first layer, bhistpeak constitutes less than 10 % of
the total number of second layer islands examif@dis grown at different substrate
temperatures reveal different relative proportiohsommensurism. We have found that
the percentage of commensurism decreases withagioge substrate temperature during
the film growth. For example, the percentage of m@msurism decreases from 10 % to 3
% when the substrate temperature increases froAC36 50 °C. Similar behavior has
been reported for Ag deposition on crystalline @strates, where different kinds of
epitaxies exist, and their relative proportions famend to be strongly dependent on the

substrate temperatufé?
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Figure 6.4 Orientation between different layers inpentacene films. Histograms showing
orientations ofA) Second layer crystallites on first layer: a larparp peak at 77° indicates a
non-commensurate, preferred homo-epitaxial order.sriall peak at 0° corresponds to
commensurate epitaxy. B) Third layer crystallitessecond layer: a sharp large peak at 0° shows
that the majority of the third layer exhibits commearism with the second layer, with only a
small proportion demonstrating a 76° orientation.Fourth and subsequent layer crystallites on

their respective underlayers: a single peak at@éals that all the layers grow commensurately
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Figure 6.5 Commensurism between Second and Subseqtuiéayers A) Topography image
shows islands of third, fourth, and fifth pentacdager crystallites on top of fully coalesced
second layer. B)TSM image reveals same signal (bright) for all tagers, indicating
commensurism for the third and subsequent oveday&r Topography image shows a third layer
on second layer. D) TSM image demonstrates sinilak signal (dark) for both the layers

indicating commensurism between them.
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6.2.2 TSM of Third and Subsequent Layers

In order to investigate epitaxial relationships snbsequent layers, we grew
thicker films of pentacene on SiOThe TSM studies of the thicker films show that th
majority of the third layer islands grow with comnserate epitaxy with only a few
exhibiting a preferred orientation of ~ 76° betweahe third and the second layer, as
visible in Fig. 6.4B. The fourth and subsequenttayalways display commensurism
with their respective underlayers, as indicatecalsingle sharp peak at 0° in Fig. 6.4C
(corresponding TSM images are shown in Fig. 6.5).

The change in the mode of epitaxy on transitiorinogh the second layer to the
subsequent layers can perhaps be attributed tage laterfacial strain between the
second and first layef¥® For example, the first monolayer of pentacene i@ 8as a
different structure than subsequent layers (moéescuh the first layer are nearly
perpendicular to the substrate while in thicken§ilthe molecules tilt with respect to the
substrate norm&f’) which is a result of differences in interlayerteractions, e.g.
pentacene-Si9versus pentacene-pentacene interactions. To acodaiethe different
first monolayer structure, the second layer growth \& preferred twist instead of the
usual commensurism exhibited by the third and syt layers. This preferred twist
can also be viewed as a stacking fault, as it gisrthe usual packing of (001) pentacene
planes. Stacking faults are planar defects founchnoonly in bulk organic single
crystals 184185186187yt a5 the preferred twist in this case takesephagry near the
pentacene/SiQinterface it may be more appropriately described aas interfacial

reconstruction. Figure 6.6A shows a scheme of émtgzene growth in which the second
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Figure 6.6 Pentacene Thin Film Growth and Coincidece-Il Epitaxy A) Schematic showing
that the pentacene second layer grows with a taistthe first layer, while the third and
subsequent layers grow commensurately on theireotise underlayers. B) Geometrical
construction based on rotation of 76° of the pesmiacsecond layer on the first layer in thb

plane. The grey molecules correspond to the peméadist monolayer, while the black
molecules represent the second layer. The 76° tatien of the second layer results in

coincidence-Il epitaxy and a 4 X 4 supercell (asvsh by dashed red lines). The figure also
shows the alignment of two different unit cell diagls, [110] anc[ilO], in the two layers. This

kind of epitaxy is also termed “geometrical coirgide”.
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layer is twisted with respect to the first and siddsequent layers are commensurate.

6.2.3 Coincidence-Il Epitaxy

Understanding the cause of the second layer twigtetail will require further study,

however the structural implications are easierdteanine. The only crystallogra--phic
angle close to the preferred orientation is thdeabgtween the two unit cell diagonals,
[110] and[110], which is 76°. At the molecular level, the 76° otaion between the

second and the first layer corresponds to the mlegrt of two diagonals, [110] and

[110]. Thus, we propose that the pentacene second d¢mgers on the first layer such

that the[110] direction in the overlayer aligns with the [11@edtion in the underlayer,

and vice versa. Importantly, this hypothesis algppsrts the observed TSM contrast
between the second and the first layer (bright ark cand dark on bright), as TSM
produces opposite signals when scanning alongubelifferent unit cell diagonalé?

These observations can be formalized in termsefitammar of epitaxy®® The
overlayer and the underlayer lattice vectors alated through a transformation matrix
[C], where the matrix coefficients define the modk epitaxy. Based on the 76°
orientation between the second and the first laylee, published underlayer lattice
parametefd® (&, = 5.9 A, h = 7.6 A, andx = 90°), and taking the overlayer parameters
(8, bp, and B) to be to first approximation the same as the tager lattice
parameter§®¥ the calculated transformation matrix is:

0.25 —0.71

[€] {1.25 0.25
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All the matrix elements are rational and no colucamsists of integers, which
indicates coincidence-1l type epita¥ between the second and the first layers of
pentacene on SOTo visualize the coincidence-Il epitaxy, we getmoally rotated a
model of the second layer of pentacene on the fiigt 6.6B. In this schematic, the grey
pentacene molecules represent the first monolayértlae black pentacene molecules
represent the second layer. The figure shows ilgaraént of two diagonals in the two
layers (110] in the second layer aligns with [110] in the fiksyer) and a rotation of 76°
between the layers. The coincidence-ll constructionFig. 6.6B also shows the
formation of a 4 X 4 supercell (shown by dashedlirezs) for the pentacene second layer
on the first layer. It can be seen that there éige registry of the second and first layer
molecules at the corners of this supercell, aha@acteristic of coincidence-1l epitaxy.
Final confirmation of the 4 X 4 supercell requiremlecular resolution imaging.
However, it is clear from the TSM data (Figs. 6:81&.4) that coincidence epitaxy
predominates for second layer growth on the finstl ahat this mode changes to
commensurism for subsequent layers.

The literature on thin film organic homo-epitaxyremarkably sparse, perhaps
because of the common belief that homo-systemsléyer and underlayer consisting of
the same molecules) always exhibit commensurismedasn minimum energy
arguments. Our finding of coincidence-Il epitaxyviaeen the pentacene second and first
layers contradicts this general notion. The nexzllehge is to determine the implications

of these structural features for the electricapprties of pentacene films.
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Figure 6.7 Friction Dependence on Epitaxyd) TSM image shows coincidence-Il epitaxy for a
second layer island, i.e., a bright second layetopnof dark first layer. B) FFM image reveals
low friction for the epitaxial second layer. TSM image of a second layer island which interacts
both epitaxially (intermediate signal second lager intermediate signal first layer) and non-
epitaxially (intermediate signal second layer omkdirst layer) with the underlayer. D) FFM
image displays lower (darker) friction for the epigl region and higher (bright) friction for the
non-epitaxial region, suggesting more energy didip in non-epitaxially ordered regions.
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6.2.4 Friction Dependence on Epitaxy

To further analyze these multi-layers, we carriedl @uantitative friction force
microscopy (FFM) and Kelvin probe force microscofifFM) measurements, in
conjunction with TSM. Figures 6.7A and 6.7B dispthg TSM and FFM images of a
second layer crystallite of pentacene exhibitingpcidence-11 epitaxy. Figure 6.7B
clearly indicates that the second layer crysta#itdibits lower friction (dark) compared
to the first layer. In contrast, Figs. 6.7C andD6show the TSM and LFM images of a
second layer crystallite that has grown acrossratenying grain boundary in the first
layer. The uniform TSM signal throughout the sectagr island indicates that it is a
single crystal and thus, this crystallite cannotepgaxially ordered with both grains in
the underlayer.

The intermediate TSM signal of the second layeingaad the first layer grain in
the lower half of the Fig. 6.7C indicates epitavoatier in the lower domain. The FFM
measurement of the same region (Fig. 6.7D) revidsfriction contrast within the
second layer island. Importantly, the region of-epitaxial order displays higher friction
than the epitaxial region. The origin of highecfion in the non-epitaxial domains will
require further investigation, but must be relatedthe interlayer coupling and also
possibly to the presence of line dislocations thathave observed previousi{. The
important practical result is that the sharp cattugsible in the friction image is a map of

epitaxial interactions. Low friction domains aretapial; high friction domains are not.
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6.2.5 Electrostatic Surface Potential Dependencé& pitaxy

Figures 6.8A and 6.8B present the topographic aRBl Fmages of the same
region of a pentacene film. The topographic imagesals a completely coalesced first
layer, large second layer islands (second layandd lose their cross-shape at higher
coverages), and a few small third layer islands friction image is a map of epitaxial
interactions, specifically revealing the presenteptaxial and non-epitaxial domains in
the pentacene second layer.

To investigate the correlation between the thim fihicrostructure and the surface
electrostatic potential distribution, we perform€EM on this sample layer. Figure 6.8C
is the KFM image of the same area as in the FFMyanaemonstrating that the first
layer has the lowest surface potential and thatsémond layer has a higher surface
potential with different sub-domains. The intriggifinding is that the surface potential
domains in the second layer correspond directthedriction domains in the FFM image
(Figs. 6.8B and 6.8C). Comparison of the two figudemonstrates that the regions of
lower friction (epitaxially ordered) exhibit highémore positive) surface potential and
the regions of higher friction (non-epitaxially ereéd) exhibit lower (more negative)
surface potential. Thus, there is a definite catreh between epitaxial order and the
resulting electrostatic character of these films.

Figures 6.8D, 6.8E, and 6.8F display the pixel dgsdm analysis of the
topographic, FFM, and KFM images, respectively.uFég6.8D depicts the average
height of the second layer on the first layer dralthird layer on the second layer, while

Fig. 6.8E reveals that the friction difference betw the epitaxial and the non-epitaxial
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Figure 6.8 Electrostatic Surface Potential Depende® on Epitaxy A) Topography image
displays a fully coalesced first monolayer, largeand layer islands and a few third layer islands.
B) FFM image demonstrates highest friction for fingt layer and friction variation within the
second layer. FFM images serve as maps of epitartexhactions. C) KFM image shows that the
first layer has the lowest surface potential anel skecond layer has a higher potential with
different sub-domains. A one-to-one correlationsexibetween the friction domains and the
surface potential domains. In the second layer,atieas of lower friction (epitaxially ordered)
show higher (more positive) surface potential dmel dareas of higher friction (non-epitaxially
ordered) show lower (more negative) surface paerid) Histogram analysis of the topographic
image demonstrates that the average heights debend layer on the first layer and the third
layer on the second layer correspond to 1.6 nmlahdm, respectively. E) Histogram analysis of
the FFM image reveals that the friction differermween the epitaxial and the non-epitaxial
second layer is ~ 2.5 times the friction differerfmween the first layer and the non-epitaxial
second layer. F) Histogram analysis of the KFM imabows that the difference in the surface
potential between the first layer and the non-gfatasecond layer is ~ 50 mV, and the difference
between the epitaxial and the non-epitaxial domiirtse second layer is ~ 28 mV.
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domains in the second layer is more than two tithesfriction difference between the
first layer and the non-epitaxial second layer. Tingtion maps can also be utilized to
determine the degree of epitaxy, by quantifying #rea under the epitaxial curve
compared to the area under the non-epitaxial curw@e histogram. For example, the
histogram analysis (Fig. 6.8E) of the friction ireagn Fig. 6.8B indicates that
approximately 35 % of the second layer has growtaeplly on the first layer. Figure
6.8F shows that the surface electrostatic potediftdrence between the first layer and
the non-epitaxial second layer is ~ 50 mV and tiffierénce between the non-epitaxial
and epitaxial domains within the second layer 28-mV.

The correlation of the surface potential with exah domains can have two
possible explanations. One is the reported dipokendtion of pentacene layers on
Si0,.1%% We hypothesize that in regions of epitaxial grothtére is stronger electrostatic
coupling (induced dipole-induced dipole interacjidretween the layers, resulting in a
higher observed surface potential. In contrast,régions of non-epitaxial growth the
registry mismatch leads to reduced electrostatupliog and results in relatively lower
surface potential as the summation of dipoles iallemin magnitude. Fig. 6.8F provides
a schematic illustration of this possible effedteTother likely explanation relates to the
surface potential dependence on local deformatiopgntacene. Specifically, it has been
reported that the plastic deformation in metalstlie form of dislocations, vacancies, or
pits) results in lower surface potentidl-1°2'The non-epitaxially ordered second layer
can undergo local plastic deformation (dislocatifmmmation) due to the registry

mismatch with the first layer, which may result lower surface potential. Both
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explanations seem equally probable and our findaadisfor a more detailed theoretical
model explaining the surface potential dependentethe presence and absence of
epitaxial order.

The majority of charge transport in OFETSs is coadirwithin the first few layers
of the organic semiconductor/insulator interfacenerefore, any surface potential
variation within these layers will affect the chargarrier motion, as has been
demonstrated for conventional inorganic semicorme&*1%1%! Consequently, we
expect that the surface potential domains, reguftiom domains of epitaxial and non-
epitaxial order, can serve as trapping/scatteriitgs sfor carriers during transport,
especially at low temperatures where thermal enbegpmes comparable to the surface
potential variations. In this respect, it is partaly noteworthy that the surface potential
differences we have measured correspond well \wéhattivation energy reported for the

hole mobility in pentacene OFETS" 19!

6.3 Conclusion

In conclusion, we have demonstrated an unusuahardemo-epitaxy for films
of the benchmark organic semiconductor pentacehe.riost striking discovery is that
the observed homo-epitaxy is not commensuratéhfosécond pentacene layer grown on
the first. Using TSM analysis, we demonstrated that pentacene second layer grows
with coincidence-Il epitaxy on the first layer, Wwhithe third and subsequent layers grow
commensurately on their respective underlayersthByrwe utilized FFM and KFM to

probe the friction and the surface electrostatitepital dependence on the presence and
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absence of epitaxial order. The domains of epitatder exhibit lower friction and more
positive surface potential than the non-epitaxi@mdins. Thus, there is a clear
correlation between epitaxial order and electizalperties of these polycrystalline films.
Collectively, these findings open up exciting newasgibilities for understanding the
growth of crystalline organic semiconductor filmeddor correlating microstructure with

electrical performance in devices.

6.4 Experimental

Pentacene thin film growth

Ultrathin films of pentacene were grown by therreahporation of the source
material onto insulating substrate under vacuunssane of ~ 6 x 10 Torr and with
deposition rates of ~ 0.01 A/sec. All the films wegrown on p-doped silicon wafers,
with a thermally grown 300 nm thick amorphous siticdioxide overlayer. High purity
pentacene source material (~ 99.8%) was purifietepgated sublimations before it was
used to grow films. All the scanning probe imaged analysis are based on freshly
grown pentacene films.
Transverse Shear Microscopy

TSM is a contact mode scanning probe microscogynigue in which the lateral
twisting of the cantilever is recorded in conjupatiwith topography, enabling a direct
correlation between the two. The fast scan diractgzan vector) is kept along the long
axis of the cantilever and thus the observed tagsis not due to friction, but is a result
of the anisotropic shear field in the image plahlee origin of transverse shear field is

related to the crystallographic orientation of filth the surface. All TSM images were
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taken on a Veeco Nanoscope IlIA multimode atomicdomicroscope under ambient
conditions. The probes used for AFM measurementse vgdicon nitride V-shaped

cantilevers with integrated contact mode tips fedied by Veeco Metrology, USA
(Model DNP and force constant ~ 0.58 N/m). The iesag/ere obtained at a nominal
load of ~ 3 nN and relative humidity of ~ 20 %. Téman rate for a (10 um X 10 pum)

image size is 1.5 Hz.

Friction Force Microscopy

FFM is a contact mode technique where the locahtrans in the sliding friction
between the tip and the sample are mapped alony tepgography. The fast scan
direction of the tip is kept perpendicular to tlmnd axis of the cantilever such that
friction forces on the tip twist the cantilever. &fset up and tips used in FFM
experiments were same as that used in TSM. AlFffid and TSM images shown in the
figures are the forward trace scans.
Kelvin Probe Force Microscopy

KFM is a noncontact technique that measures thal learface potential along
with topography, allowing a direct correlation beem the twét**2°%|t operates in a two
pass mode, where in the first pass the topographyeasured and in the second pass the
AFM tip is lifted a few nanometers from the samgleface at a constant distance relative
to the topography and the surface potential is oreds In KFM, the surface potential is
measured using a nulling technique with feedbacitroband it directly gives the surface

potential in units of volt§**?°! unlike electric force microscopy (EFM) which ineiitly
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measures the surface potential through phase qudrey shiftd?°>2%%! Measurements
were conducted in air with probe tips fabricatedNdikromasch USA (NSC35-B tips,
Ti/Pt coated, resonant frequency 240-405 kHz, déhlddight 10 nm). The measurements

were repeated inside a glove box withl€vel ~ 2 ppm and no difference was observed.
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Chapter 7

Strain Induced Homo-Epitaxial Transitions and th@@th Mode of
Organic Semiconductor Thin Films

(Contributing Authors: Vivek Kalihari, Mun Ee WoGreg Haugstad, C. Daniel Frisbie)
(work submitted tcAdvanced Functional Materigls

We describe a correlated strain and growth modeluftrathin polycrystalline
pentacene films deposited from the vapor phaseariaty of insulating substrates. For
a monolayer thick pentacene film in which the loages of the molecules are
perpendicular to the substrate, the estimated cessjwe and tensile strain energies are
on the order of 15 - 70 meV/molecule. We proposg strain is the cause of the observed
in-plane crystallographic twist of the second layéth respect to the first, resulting in
coincidence-Il homoepitaxy. The driving force foetepitaxial mode is the alignment of
the principal axes of tension and compression i tivo crystalline layers, which
attenuates the overall strain, and allows the third the subsequent pentacene layers to
grow commensurately. Partial strain release alsseasthe thin film growth mode to
switch from two dimensional to three dimensionabvgth (a hallmark of the Stranski-
Krastanov mode), which is rationalized through tihiekness variation of the thin film
chemical potential. We find similar results for ariety of other organic semiconductor
ultrathin films, suggesting that strain releasehmy in-plane crystallographic twist of the

organic layers near the substrate is a generafactal reconstruction.
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7.1 Introduction

Organic semiconductor thin films play an importaoie in many technological
applications including organic thin film transistofOTFTs)%123lgrganic solar
cells!*®2%4 and organic light emitting diod€s:2°”! Such films, like any other films, tend
to develop mechanical stresses as they are deghoShese stresses can result from both
intrinsic factors such as the lattice mismatch #relsurface energy difference between
the substrate and the organic film, or extrinsictdes such as the thin film deposition
parameters (substrate temperature and depositior) #ind post growth treatments
(annealing, quenching eté§) The mechanical stresses, when large enough, can
introduce structural defects and/or a change m fillm growth mode at the micro-scale
and can also cause film delamination or bucklinthatmacro-scalé®® As organic thin
film interfaces are critical in different devicesttures, the mechanical stresses and the
resulting strains associated with the early stagfesrganic semiconductor thin film
growth can impact the performance and the religtolf organic devices.

In inorganic semiconductor thin film technologyetbenesis of strains present at
thin film interfaces and their affect on film sttuce and properties is generally well
understood?®” For example, strain provides control over eledtdrand offsets and can
increase the electron mobility in silicBA® Unfortunately, similar work has been
missing in the field of organic semiconductor thims and there are only a handful of
studies that relate strain and film morphology mgamic system&°°?*% Organic thin
films, unlike inorganic films, are held togetheawveak forces (such as dispersion and

multipolar forces; elastic moduli ~ 10 GB&) and therefore, stresses present in the film
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can result in exceptionally large strains with prafd implications for thin film growth
modes, microstructure development, and electricgigrties.

Among small conjugated organic semiconducting moés; pentacene stands out
because of its ability to form well-ordered crybted films on a variety of substrates and
the resulting high hole mobilities in OTF#&§*124153181n an OTFT, the current
modulation is restricted to the accumulation layehich corresponds to a few
monolayers of organic semiconductor on top of thte glielectrid'**® Therefore, the
strain and the resulting microstructure of thetfiesv molecular layers directly adjacent
to the gate dielectric are critical in determinitrgnsistor performance. In the past,
organic semiconductor thin films have been analymethg various characterization
techniques such as atomic force microscdép¥2"?2?%lelectron microscop§?2* x-
ray diffraction technique’$®1®?21and scanning tunneling microscdp{?:?**! But to the
best of our knowledge, the methodical investigatbistrain development and its affect
on growth morphology in organic semiconductor fiilims has not been reported.

Here, we present a model for strain in ultrathinypaystalline films of the
benchmark organic semiconductor pentacene depdsitptiysical vapor deposition on a
variety of substrates. We show that the strainhie first wetting layer next to the
dielectric surface induces an unusual in-planestivof the second layer on top of the
first layer. This twisting is more formally defin@d coincidence-Il epitaxy, as previously
reported by us for pentacene thin films on amorghailicon dioxide (SiQ
substrate§8*® Coincidence-Il epitaxy minimizes the strain eneigythe first two

pentacene layers, as shown by in-plane strain lagilcos based on the unit cell
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parameters. In turn, the relaxation of strain afidive third and the subsequent layers to
grow commensurately on top of their respective daglers. The partial strain release
also induces a growth mode switch from layer-byetayr two dimensional (2-D) growth
to three dimensional (3-D) growth, a hallmark of Btranski-Krastanov (S-K) thin film
growth modéd** Similar results are found for a variety of otheganic semiconductor
ultrathin films, indicating that both strain in theetting layer and its relief by in-plane
“twisting” of the second layer, are a general phmaoon in organic semiconductor thin

films grown on amorphous substrates.

7.2 Results and Discussion
7.2.1 Epitaxial Relationships
Previously, wusing a novel transverse shear micmsco (TSM)

techniqud°-31-32:33.34]

we established the epitaxial relationships betwsancessive
pentacene layers grown on an amorphous, gi®lectric®* However, SiQ is not the
dielectric of choice for most organic electroniggplécations as it is brittle. Here, we
examine epitaxial relations in vacuum depositeththtn pentacene films on a variety of
polymeric substrates (poly[methyl methacrylate] (RA), polystyrene (PS), and pobyq
methyl styrene] (PAMS)) that are often used asegdteics in OTFT&®

Figure 7.1 shows height (left column) and corresiiogn TSM (right column)
images of ultrathin (1-2 nm) pentacene films orypwric substrates along with Sif@r

comparison. All the height images demonstrate tiatgrowth of the first layer is 2-D,

i.e., only after substantial coverage of the first laylee second layer nucleates. The TSM
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0 nm 3 nm -20 mV 20 mV

Figure 7.1 Pentacene Ultrathin Film growth on Polyrers Height (left column) and
corresponding TSM (right column) images of ultratfil-2 nm) pentacene thin films on (A, B)
SiO,, (C, D) PAMS, (E, F) PMMA, and (G, H) PS. All theight images show a fully grown first
pentacene layer and few second layer islands. @bkedl circles in the TSM images demonstrate
that a bright second layer grows on top of a dask fayer orvice versaindicating coincidence-

Il epitaxy between the two layers.
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images in the right column reveal color domaingesponding to different grains in the
polycrystalline first layer. Clear differences imetTSM signal between the second layer
large islands and the first layer are also evidé&st.the TSM signal is sensitive to
crystallographic orientation, the contrast indisdtge absence of commensurism between
the second and first layers of pentacene on albtgmeric substrates and Si@sually,
one observes that a bright second layer grows pofta dark first layer or a dark second
layer grows on top of a bright first layer (dashaatles). As previously established on
SiO, substrate&® this TSM contrast between the first and the sedayer corresponds
to coincidence-ll epitaxy between the two layergyjuFe 7.1 demonstrates that this
“twisted epitaxy” is germane to pentacene on polyongubstrates as well.

In the nomenclature of epitaxy, the underlayer dred overlayer lattice vectors
are related through a transformation matrix, whis@ matrix coefficients define the
mode of epitaxy:*® In case of coincidence-Il epitaxy, all the maglgments are rational
and no column of the matrix consists of integenssimple terms, this means that the
coincidence-1l epitaxy results in a precise regisif the underlayer and the overlayer
molecules at the corners of a supercell. In ouvipts articlé®® we reported that the
coincidence-Il epitaxy between the pentacene seaoddirst layers on SiJmplies a 4
X 4 supercell in the second layer.

A statistical analysis of hundreds of second lagentacene grains on the
polymeric substrates indicates that the growth maddeentacene thin films on polymeric
substrates is phenomenologically similar to that Qi,. As in the case of SiO

substrates, coincidence-ll and commensurism cobgisieen the first and the second
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Figure 7. 2 Statistical Analysis of Pentacene Seabhayer Growth on Polymers Histogram
plot showing the population of coincidence-Il amanenensurism between the pentacene first and
second layer on a variety of amorphous substrates.plot demonstrates that both the epitaxial
modes coexist on all the investigated substrat&3,(8nd three polymers), but their relative
population depends on the substrate type. Spdbffithe relative populations of coincidence-ll
on different substrates are: $i© 85 % + 5 %, PMMA = 87 % += 7 %, PS = 64 % + 7 8ad

PAMS =60 % * 8 %.
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pentacene layers on all the polymeric substrategsuré 7.2 shows the histogram where
the populations of coincidence-ll and commensugaséns are plotted for all substrates.
It is clear from the plot that coincidence-ll ammhmamensurism coexist on all substrates,
but their relative population depends on the sabsttype. This change is expected given
the different chemistries and surface energiehefsubstrates. Specifically, the relative
population of the two epitaxies is skewed towardmadence-Il in case of SiOand
PMMA, whereas in case of PS and PAMS the relativpufation is quite comparable.
The dependence of the relative populations on tliestgate type is currently under
investigation. However, the most important pointtie presence of coincidence-Il
epitaxy on all the substrates. This solidifies ¢amerality of coincidence-Il epitaxy in
pentacene ultrathin films near the substrate iaterf

In order to examine the epitaxial relationshipsrter away from the
pentacene/dielectric interface, we grew thicker4(dayer) pentacene films for TSM
analysis. Figure 7.3 shows the height and the spording TSM images of thicker films
of pentacene on PMMA and SiOThe height images in the left column show a
multilayered pentacene film. Careful inspectioneas that the second and subsequent
layers grow in a 3-D mode, in contrast to the 2rBngh mode adopted by the first layer.
This growth mode transition is discussed in moraitdeelow. The TSM images in the
right column show a similar TSM signal for the sedocand subsequent layers. This
indicates that the in-plane crystallographic or@ion of the second layer is similar to the
subsequent layers, resulting in commensurism betwesm. The observation is general

for SiO, and all the polymeric substrates.
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Figure 7.3 Third and Subsequent Pentacene Layers oRolymers Height (left column) and
corresponding TSM (right column) images of a rgkatihick (~ 4 layers) pentacene film on (A,
B) PMMA and (C, D) SiQ. The height images show a multilayered pentaciéme The dashed
circles in the corresponding TSM images demonssatelar TSM signals for the second and

subsequent layers, indicating commensurism betbesm.
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In summary, we find that coincidence-Il epitaxystgialong with commensurism
for the pentacene second layer on all the substr&er thicker pentacene films, only
commensurism is found to occure., there is no crystallographic twist between the
second and the subsequent layers. This is an immgofinding as it indicates that the
epitaxial relationships in pentacene films aread#ht near and away from the interface,
but follow the same trend for organic (polymerig)daamorphous inorganic (Sip
substrates. This observation also indicates thesilplesrole of interfacial strain in

deciding the mode of epitaxy.

7.2.2 Strain and Coincidence Epitaxy

In our previous articl€® we postulated that large strain fields in the fasd
second layer induces a second layer twist on tofheffirst, as strain free conditions
should have resulted in commensurism in homogentondilms. We can now justify
the twisting mechanism by geometrical consideratioased on the unit cell parameters.
The coincidence-1l epitaxy between the second heditst layer of pentacene results in
the alignment of different diagonals in the twodes; For example, the [110] diagonal in

the second layer aligns with tH&10] diagonal in the first layer ovice versa The

alignment of different diagonals in the two lay@re®mpted us to calculate the strains
along the diagonals in the two layers. In ordecdttulate the strains, we took the bulk
pentacene unit cell parameters as the referertgeelgarameters. The bulk packing is the
most stable lattice configuration for any molecwdgstem, in contrast to strained packing

for molecules on top of an inherently different stnate or near an interface.
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Figure 7.4 Pentacene Monolayer Strain Calculation§he (001) plane of A) bulk pentacene: a
=6.266 A, b = 7.775 A, ang= 84.68° [215], and B) a pentacene monolayer @:%i = 5.916
A, b =7.588 A, and = 89.95° [18,21]. Assuming the bulk pentacene oelitto be strain free,
geometrical calculations reveal that the [110] died is under compressive strain while the

[ilO] diagonal is under tensile strain (depicted schigaibt in Fig. 4B) in the monolayer unit

cell. C) Oblique view and D) top view of the aligant of the two diagonals ([110] a[fl_d_O]) in

the pentacene first and second layer resultingimo@ence-11 epitaxy between them.
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Figure 7.4A depicts the (001) plane of bulk pemt&é&” (a = 6.266 A, b = 7.775
A, andy = 84.68° and Fig. 4B shows the (001) plane ofeatgcene monolayer on
Sio®? (a = 5.916 A, b = 7.588 A, and= 89.95°). The pentacene unit cell parameters
on polymeric substrates are unknown, but similatagfal relationships (Figure 7.2) and
the presence of the “thin film phase” of pentactne films on SiQ and the polymers
suggests that the unit cell parameters are simila8iQ and polymeric substrat&s®21":
218] Geometrical calculations and comparison of FigdA7and 7.4B reveal that in the
monolayer unit cell the spacing between the mo&swdlong the [110] diagonal is
smaller than the corresponding spacing along [11Ghe bulk unit cell. Whereas, the
spacing between the molecules along[t#9] diagonal is larger than the corresponding
spacing in the bulk unit cell. Thus, the [110] diagl in the monolayers is under
compression while th§l10] diagonal is under tension (depicted schematidall§ig.
7.4B).

Comparison of the lengths of the diagonals in the $tructures reveals that the
percentage strain along [110] is ~ - 8 % and alfii®] is ~ + 2 %. These are large
strains, much higher than the normal strains foumhorganic thin films (~ 0.5 to 1
%) 1207207] However, such large strains are compatible with blatively weak bonds
holding the molecules together in organic thin &lnsSimilar strains (~ 8 %) have been
reported for organic crystalline films of 3, 4, H)-perylenetetracarboxylic dianhydride

(PTCDA) on Au (111) surfacé®”
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It is useful to try to estimate the strain energgaziated with the monolayer
phase. The strain energy is given by the area uiestress-strain curvee,, it is an
integral of stress over strain along the cuf¥®.This means that an exact calculation
requires the knowledge of the stress-strain belnaviboth the elastic and plastic regimes
(a typical oligoacene yield strain is ~ 1 ddpwever, the elastic modulug)(and strain
(¢) are tensor quantities and to our knowledge, ¢éimsdr components are not available.
One can get an approximate value of the strainggnby assuming a uniaxial stress
condition along the maximum strain directio®,, we view the monolayer strained state
as arising from uniaxial compressive stress ofliblk structure along [110] (see Fig.
7.4). We then can bound the strain energy by comgpuhe area under the hypothetical
stress-strain curve assuming either ideal plastiwvgr bound) or ideal elastic (upper
bound) behavior up to 8 % strain. The elastic moslfibr pentacene is ~ 10 GB& The
calculations give the strain energy on the orderldf- 48 mJ/ithor ~ 15 - 70
meV/molecule.

The unit cell lattice parameters of the secondrlayg@entacene are unknown, but
a similar strained state for the second layer [geeted because an abrupt change in the
lattice parameters is highly unlikely in a homogaueethin film. We hypothesize that the
strain between the two layers is minimized when #eeond layer grows with
coincidence-Il epitaxy on top of the first layeych that one of the diagonals of the
second layer aligns with the other diagonal of firet layer. For example, the

compressed [110] diagonal in the second layer silitgelf with the[110] diagonal of the

first layer which is under tension (as shown insFig.4C and 7.4D). Thus, this particular
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Figure 7.5 The Stranski-Krastanov Growth of Pentacee Thin Films A) Height image of a
thick (~ 4 layers) pentacene film on $j®) A line profile of the white dashed line in Fig5A.
The height image shows no substrate which demdaestrthat the first pentacene layer
completely covers the substrate surface. The lingfilgp, along with the height image,
demonstrates that the second and subsequent gevan a 3-D mode which is rationalized by

the growth of subsequent layers before the comgletath of a previous layer.
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coincidence-ll epitaxy alignment releases somehef gtrain present in the pentacene
layers. On the contrary, if there were no orientatbetween the second and the first
layers then diagonals with similar stresses woalgehaligned (commensurism) resulting
in minimal strain release. The partial strain reteds the driving force for the
coincidence-ll epitaxy, which has been observedlbthe investigated substrates.

The strain removal in the first two layers by cadence-1l epitaxy also explains
the commensurate growth of the third and subsedagets on top of their respective
underlayers. When the third layer nucleates orofdpe second layer, it grows on a less
strained second layer and thus, grows commensyr&teaimilar growth mode is adopted

by all the subsequent layers.

7.2.3 Growth Mode Transition

In this section, we address the growth mode tramsfor second and subsequent
layers of pentacene thin films. Figure 7.5A showseaght image of a relatively thicker
(~ 4 layer) pentacene film on Si@nd Fig. 7.5B represents a line profile of the whit
dashed line in Fig. 7.5A. The height image showsuostrate which demonstrates that
the first pentacene layer completely covers thestsate surface. The line profile, along
with the height image, indicates that the secondl subsequent layers grow in a 3-D
mode as evidenced by the growth of subsequentddy&fore the complete growth of a
previous layer. Hence, there is a transition intthe film growth mode from 2-D to 3-D
and this mode is termed as the S-K thin film growlode. Similar growth mode

transition has been observed before for the penédSe&d system using x-ray scattering
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studies??*?*?|n the S-K growth mode, initial layers (wetting/éas) grow 2-D and after
a critical number of wetting layers the growth martanges to 3-D in order to relieve
strain in the 2-D grown layel%”

To explain the growth mode transition, we consitler thickness variation of
chemical potential of pentacene thin films. Thddwing general equation describes the
chemical potential of a molecule belonging to thdayerp (n) of a film:?%*!

p(n) =, +[8, =P () + £(1) + £ D] ()
Wherep,, = chemical potential of the molecule in its bulkage g, = desorption energy
of an adsorbate molecule from the surface of thmesanaterial,p,(n) = desorption
energy of an adsorbate molecule from the substgt®, = energy per molecule of the
misfit dislocations present in the film, an€(n) = energy per molecule of the
homogeneous strain present in the film.

The sign of the first derivative of the chemicatqydial @du(n)/dr) gives the sign
of the curvature of the free energy of the systaah thus, decides the thin film growth
mode. Wherdu(n)/dn> 0 (every subsequent layer has a higher chempuma&ntial), the
complete growth of the previous layer takes plaefeie the start of the subsequent layer
growth and this thin film growth mode is called ikavan der Merwe growth (2-D or
layer-by-layer growth). On the other hand, wiigr(n)/dn< O (every subsequent layer
has a lower chemical potential), the formation bé tsubsequent layer before the
completion of the previous layer is thermodynantycvored which leads to 3-D island
growth. This thin film growth mode is called Volm@feber growth. In the S-K growth,

du(n)/dn> 0 near the interface which results in the fororabf wetting layers by 2-D
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growth, butdp(n)/dn changes sign after the growth of a critical nundsevetting layers.
Thereafter, the strain stored in the wetting layegs gets relaxed through either the
introduction of misfit dislocations or the coheréhiD island growth of the subsequent
layers on top of wetting layers. The thickness led tvetting layer where 3-D island
nucleation initiates or misfit dislocations getroduced is called the critical thickndgs
For the pentacene thin film growth on the invesgdasubstrated). corresponds to the
thickness of the first monolayer (~ 15 A) as theosel and subsequent layers exhibit 3-D
growth. The thickness (or the number) of the wgtleyers is inversely proportional to
the strain present in the film. Only a single peatee monolayer as the wetting layer
indicates that the pentacene thin films are higittgined at the pentacene/githdeed,

this conclusion is consistent with the apparent% 8train along [110] (Figure 7.4B).

The first derivative of the chemical potentidlx(n)/dn) is given by:

dp(n) __d¢.(n) , de,(), e (D )
dn dn dn dn

In order to understand the growth mode transitionpéntacene thin films, we will
consider each of the three terms in the right h&idd of Eq. (2)for the pentacene first

and second layer growth, as the two layers extitigrent growth modes.

First term The S-K growth mode requires:(n) to be greater thap, and the lattice
mismatch to be nonzero (which is satisfied in oasec because of the growth of
polycrystalline pentacene films on amorphous sabss). During the S-K growtlpg(n)

approachew, as n increases meanimlg, (n)/dn will be always negative close to the
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interface. Therefore, the first terndgz (n)/dn) will be always positive for pentacene thin
film growth near the substrate interface,, for both the pentacene first and second layer
growth.

Second termThe second ternd{y(n)/dn) represents a energy change in a thin film due
to the introduction of lattice misfit dislocatioriRreviously, we have reported dislocations
in some parts of the second layer islands whichdradin beyond the grain boundary of
the first layer underneatff>*! However, the second “seed” layer is free of diatmns.
The epitaxial relationship between the first ane slecond layer, once the second layer
crosses the grain boundary underneath, and thermreof dislocations in those regions
are a part of current investigation. Also, we haweobserved any dislocations in the first
layer. Therefore, the second termiq. (2)will be zero for both the first and the second

layer growth.

Third term The third termdee(n)/dn) in Eq. (2)represents a change in the homogeneous
strain present in a film by the addition of muléighyers. For the pentacene first layer
growth on amorphous substrate, this term will bsitp@ as unit cell calculations reveal
that the first layer is under strain. For the sectayer growth on top of the first layer,
this term will be negative because the coinciddheceleases strain present in the two
layers. Asde(n)/dn changes sign during the growth of the first twoelay it can be
considered as a key parameter governing the tramgit thin film growth mode.
Incorporating all the above pointdu(n)/dn> 0 for the pentacene first layer

growth as the first and the third terms are posiind the second term is zero. Thus, the
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first layer grows in a 2-D mode and forms a wetlager on the substrate. For the second
layer growth, the first and the third terms areopposite signs and the second term is
zero. A change in the growth mode for the secordl sarbsequent layers suggests that
du(n)/dn changes sign for the second layer growth, meatieg absolute value of
dee(n)/dn should be greater thand{(n)/dn). More importantly, the requirement of the
third term @eg(n)/dn) to be negative in order to justify the growth raottansition
solidifies our previous conclusion that the coimeide-Il epitaxy releases strain in the

pentacene first and second layer.

7.2.4 Cause of Strain in the First Monolayer?

The question regarding the origin of strain presenihe pentacene first layer still
remains unanswered. In this section, we try tamnratize the first layer strain based on
the upright position of pentacene molecules infits¢ layer, as opposed to the normally
tilted configuration in the bulk cryst#f! We discuss the strained packing in the first
layer in terms of the anisotropic polarizability méntacene molecules and the formation
of a first layer induced molecular dipofé¥.224

Pentacene molecules diffuse on S#dbstrates with their long axis parallel to the
substrate surface as this maximizes the Van dets/fataraction between the molecules
and the amorphous substrate. When the diffusing@eontgs try to become a part of a first
layer island, they stand up because the pentacemegene edge-to-face interactions are
favored over pentacene-Si@teraction®®’” In the absence of any interface effect, the

molecules should pack in a strain free bulk crystalcture and thus, exhibit a ~ 25° tilt

160



150

< ke;
s dhVinc'\a 2
= o
g PP P 5
g o
8_ . . ——

8

‘g | UL L L DL UL L UL LU L L O
2 0 1

Distance (um)

Figure 7.6 Pentacene Molecular Dipol@) Height (left column) and B) corresponding sugac
potential (right column) images of monolayer peata islands on SKOThe surface potential
plot clearly demonstrates that the pentacene islaaste more positive surface potential than the
SiO, substrate. C) A line profile corresponding to thigite dashed line in Fig. 7.6B, indicates
that the surface potential difference is ~ 150 ntiValso shows a schematic of pentacene
molecular dipoles at the substrate interface asgatallel alignment with the interface electric
field.
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in thea-b plane. Instead, they stand upright on the,Sibstrate without any molecular
tilt in the a-b plane. We and others have previously observed élyiiK probe force
microscopy (KFM) that single monolayer pentaceihenigs have a more positive surface
potential that the Si© substrate§%*% Figures 7.6A and 7.6B show height and
corresponding surface potential images of pentacemmolayer islands on SjO
substrate. Figure 7.6C displays a line profile egponding to the white dashed line in
Fig. 7.6B, showing the large ~ +150 mV surface ptié change between pentacene and
Si0,. The potential difference implies that the pentecemolecules are polarized.
Pentacene is known to have significant polarizgbgdiong its maint-conjugated axis.
Given the known anisotropic polarizability of peceaethe molecule will prefer to stand
up with its long axis perpendicular to the $SEDibstrate, as shown in Fig. 7.6&

The question of the origin of the interfacial patation naturally arises. There are
several possibilities, but a likely one is thatalgs inherent to the SpOsubstrate,
associated with oriented O-H bonds for exampleydedhe polarization of pentacene — a
dipole-induced dipole interaction, which is dirgctlproportional to pentacene
polarizability. Clearly, more work will need to b#one to determine the cause of
polarization. That the pentacene molecules arerigetais firmly established by the 150
mV potential across the 1.5 nm thick pentacener]aykich corresponds to an effective
field of 1¢ V/cm.

We propose then that the first pentacene monolstyecture involves competing
energy terms. There is a significant energy coselms of strain for pentacene to adopt

the monolayer unit cell structure shown in Fig.Bl.4However, the strained state is
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stabilized by the polarization energy associateth wnduced pentacene molecular
dipoles. One can make a quasi-quantitative assesskve have estimated that the strain
energy is on the order of ~ 15 - 70 meV/molecuteugh the 70 meV/molecule upper
limit is likely too large as the strain calculatiassumed completely elastic deformation.
On the other hand, if one views the first pentac@oaolayer as a capacitor with a 150
mV potential difference, the effective electrontalslization energy due to interfacial
polarization is 30 meV/molecule (energy =G¥* = ¥ AksV?/d, whereA is the area per
molecule,k is ~3, andd = 1.54 nm). Thus, the polarization energy “gaig’at least
comparable to, and likely larger than, the stramergy “cost”. We propose that the
strained pentacene monolayer phase on 8i@ result of (and is stabilized by) interfacial

electrical polarization.

7.2.5 Other Organic Semiconductor Ultrathin Films

Similar layer orientations of pentacene thin films a variety of amorphous
substrates motivated us to examine the generafitthis growth behavior for other
organic semiconductor thin films. Figures 7.7A @dB correspond to height and TSM
images of ultrathin films of napthalene-2thiophe@gphthalene (Fig. 7.7C) on SiIO'he
height image shows a fully coalesced first layest tmo large second layer islands. The
circled part of the corresponding TSM image cleadynonstrates that the second layer
TSM signal is different from the first layer, indiing a lack of commensurism between
the two layers. Similarly, Figs. 7.7D-E and G-H whbeight and corresponding TSM
images of ultrathin films of PTCDI«C(Fig. 7.7F) and para-sexiphenyl (Fig. 7.71) on

SiO,. The circled regions in all the TSM images indécatlack of commensurism
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Figure 7.7 Organic Semiconductor Thin FilmsThin film height (left column), corresponding
TSM image (middle column), and molecular struct{sight column) of (A, B, C) naphthalene-
2thiophene-napthalene, (D, E, F) PTCRQJ-@nd (G, H, I) para-sexiphenyl. The circled regiam
the TSM images show a TSM signal difference betwherfirst and the second layer, indicating
some in-plane “twist” between the layers. This @adés that the relative in-plane orientation

between thin film layers near the interface is megal phenomenon for organic thin films.
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between the first and the second layers. This atdg that the in-plane orientation
between the thin film layers near the interfaca general phenomenon for organic thin
films. The in-plane twist can be thought of as adamental strategy adopted by the
organic thin films to release strain present in Wedting layers and can have a wide

impact in determining various thin film propertiespecially near the interface.

7.3 Conclusion

In conclusion, we have developed a model relatingirs and homoepitaxial
growth for vacuum deposited ultrathin pentacenendilon a variety of amorphous
substrates (Si©and three polymers). The model is based on theepoe of compressive
and tensile strains in the pentacene first monojaybich induce an unusual in-plane
twist of the second layer on top of the first layesulting in coincidence-Il epitaxy. The
driving force of the observed coincidence-Il epjtasthe partial strain release in the first
two layers. The partial strain release allows thiedtand subsequent layers to grow
commensurately on their respective underlayers.pBngal strain release also results in a
thin film growth mode switch from 2-D to 3-D growtlwhich is rationalized by the
thickness variation of the thin film chemical pdiah TSM analysis establishes the
generality of in-plane twisting between ultrathatyérs of rod-shaped molecules near the
substrate interface. We have shown previously thiferent epitaxial domains in
pentacene have different surface potentials, whdohnects film microstructure to
electrical properties. Further work is ongoing xamine whether such structure-potential

correlations are also general in other organic senaiuctor films.
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7.4 Experimental

Organic semiconductor thin film growtklltrathin films of pentacene and other organic
semiconductors were grown by thermal evaporatioi@fcorresponding source material
onto insulating substrates under vacuum pressure6ok 10" Torr and deposition rates
of ~ 0.01 A/sec. High purity organic semiconductmurce materials (~ 99.8%) were
purified by repeated sublimations before they wased to grow films. All the TSM
images and analysis were based on freshly growathilt films.

Thermally grown 300 nm thick amorphous siliconxiile overlayer on p-doped
silicon wafers were used as silicon dioxide subs$ra Polymeric substrates were
prepared by spin coating the silicon dioxide swtes with 1 wt. % toluene solutions at
4000 rpm. The resulting polymer film thicknessesenapproximately 40 nm in all cases.
The substrates were then left to dry overnighbatr temperature in an inert atmosphere.
All the polymers were purchased from Aldrich Chemhi€ompany: PS (M = 350

kg/mol), PAMS (M, = 838 kg/mol), and PMMA (M = 996 kg/mol).
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Chapter 8

Future Work

This chapter describes some of the unpublishedtseBom my thesis work. It
discusses two current projects. The first projectlated to the friction studies of organic
semiconductor single crystals and the second griojeestigates the TSM studies of thin

films of crystalline semiconducting polymers.

8.1 Friction Studies of Organic Semiconductor Singl Crystals
Organic semiconductor single crystals are knowrh&we anisotropic charge
mobilities, i.e., different charge carrier mobilities along diffetecrystallographic

§1?51281 1t is not surprising because of the presence isoémpic bonding that

direction
holds the molecules together in organic sofitlsDue to the absence of complex
microstructure, single crystals offer clear advgataover thin films for charge transport
studies. The absence of grain boundaries makedaiively simpler to correlate charge
transport and anisotropic bonding. Yet, even thitasa of single crystals can be less than
ideal for charge transport studies because of theepce of defects, for example, step
edges and line dislocations. However, organic semdoctor single crystals are
extensively studied with the long term goal of &ating the role of molecular structure
and crystal packing on electrical transptit-2>!

As discussed in Chapter 3, friction measured frofMFexperiments can be

guantitatively related to the energy dissipatiothattip-sample interface. It is commonly
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believed that more available modes of energy disgip should result in higher
friction.®™ In a crystalline system, one of the modes of eneligsipation can be inter
molecular vibration modes or lattice phonons, whielm also impact charge transport
through electron-phonon coupling. A stronger bogdior interaction between the
molecules should result in less lattice vibratiowl gice versaln an attempt to correlate
charge carrier mobility and bonding anisotropy, pegformed FFM and hole mobility
measurements on pentacene single crystals.

Figures 8.1A and 8.1B show tensor plots of inveisenalized friction (measured
by FFM) and hole mobilities (measured from singigstal air gap transistors) as a
function of pentacene crystallographic directiomhe plots demonstrate that both the
guantities are anisotropic exhibiting maxima andima. However, the most interesting
observation is that both the plots trace each oBeecifically, the plots demonstrate that
along pentaceni 10] one gets lowest friction and highest hole mohiltyhereas, along
[110] one gets highest friction and lowest hole itityb This observation indicates that
there is a possible relation between the frictiomd &he charge carrier mobility
measurements in pentacene single crystals.

We postulate that bonding anisotropy is the caddbeoobserved anisotropy in

friction and charge mobility measurements. A steangonding along110]not only

results in higher hole mobility, but also resutidass lattice phonons. On the other hand,
along pentacene [110] a relatively weaker bondiesuits in lower hole mobility but
more lattice phonons. Another possible explanatian be the preferential presence of

structural defects along a crystallographic diettbecause the structural defects can
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Figure 8.1 Tensor plots for Inverse Friction and Hée Mobility in Pentacene Single Crystal

A) A tensor plot shows inverse of normalized fictias a function of pentacene crystallographic

orientation. B) A tensor plot shows hole mobilitg a function of pentacene crystallographic

orientation. Both the tensors trace each other.
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A) A tensor plot shows inverse of normalized figctias a function of tetracene crystallographic
orientation. B) A tensor plot shows hole mobilitg a function of tetracene crystallographic

orientation. Both the tensors trace each other.
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affect both the charge carrier mobility and the sueed friction in FFM experiments (for
more detail see Chapter 3). In order to check #iielity of our hypothesis, we performed
similar hole mobility and friction experiments ogtricene single crystals (Fig. 8.2), as
the molecular structure and crystal packing of pesne and tetracene are identical.
Figures 8.2A and 8.2B show tensor plots of invensemalized friction and hole
mobilities as a function of tetracene crystallodyiapdirections. Both the tensor plots of
tetracene look similar to the corresponding pldtpentacene. More importantly, like in
pentacene, the two plots trace each other.

Similar measurements were performed on rubrendesargstals, but no friction
anisotropy was observed (although rubrene shovwsotapy in charge carrier mobility).
The difference between rubrene and pentacene (mcéme) measurements can be
related to their different molecular structures arnystal packing. Pentacene and
tetracene are planar molecules with no side gramps$ thus show some extent of
flexibility in their packing. Whereas, rubrene hade groups which leads to interlocked
packing,i.e., the molecules are locked up at their respectogtions. The extent of
mobility of molecules in their respective solidtetgackings can be the reason behind
different results for rubrene and pentacene. Irotd understand the above behavior, we
are currently investigating the phononic or inteolacular modes as a function of

crystallographic direction on various single cristasing polarized Raman scattering.

8.2 TSM Studies of Crystalline Semiconducting Polyer Thin Films
Small molecule and polymer semiconductors are tthe classes of organic
semiconductors that are widely used in organictedaizs®® Although significant
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progress has been made to improve the performamfcsolation-deposited small
molecules, polymers offer significant advantagestdrms of solution rheology and
mechanical properties. Poly(2,5-bis(3-alkylthioptZeyl)thieno[3,2-b]thiophene), or
PBTTT, is an example of polymer semiconductor whiotms crystalline film#&2®
Figures 8.3A and 8.3B show the chemical structuré @in film packing of PBTTT,
respectively.

In order to investigate the applicability of TSMr fpolymers, we tried TSM on
crystalline films of PBTTT. Ideally, TSM should woon any crystalline system with
elastic anisotropy. Crystalline polymers, like aather polymer, exhibit significant
mechanical anisotropy. For example, the mechanmabulus along the polymer
backbone is usually bigger than the perpendiculzdtutus.

Figure 8.4 shows height and corresponding TSM traoe retrace images of
PBTTT crystalline films. The height image demonstsathat the morphology is not
rough and is terraced, indicating presence of alys¢ domains. Simultaneously
acquired TSM trace and retrace scans does not &soklear as those obtained for
polycrystalline pentacene thin films. The possiglason for unclear TSM images can be
the big side groups attached to the backbone gbaohgmer (Fig. 8.3A). During the TSM
experiment, the AFM tip probes the side groups aot the polymer backbone, as
evident in the PBTTT thin film packing structureosin in Fig. 8.3B. The side groups
attached to the backbone are relatively compliatit mespect to the backbone and do not
offer enough resistance to the motion of the ARM As a result, the TSM signal is weak

and the images look unclear. However, some pawhte TSM images show good
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Figure 8.4 TSM of PBTTT crystalline polymer thin films Height and corresponding TSM
trace and retrace images.
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contrast revealing different crystalline domainstba polymer surface. We are in the

process of optimizing the imaging parameters ireptd get a clear TSM image. One

possible way to get a good polymer TSM image miighto image at lower temperatures.

Lower temperatures should lower the mobility ofymoér side chains and then the chains
would offer more resistance to the AFM tip motion.

Two critical observations from the TSM images showhig. 8.4 are as follows:

1) Careful inspection of the trace and retrace imageeals that the trace signal is
same as the retrace signal. This is not expecteduse one normally gets
opposite signals from trace and retrace scanseas ia case of small molecule
crystalline thin filmd*°*? We suspect that the orientation of the side chatiribe
polymer surface is changing while probing it witlkM tip. This means that the
tip is seeing different orientations of side chailnsing trace and retrace scans.

2) The TSM signal from one terrace is different frame other terrace and there is
no signal variation with in a single terrace. TiBsan interesting observation
because it indicates that the side group oriemtat® different on different
terraces, but side groups maintaining one oriemawithin a terrace. It means
that there are also grain boundaries in a planpepeéicular to the substrate

surface.
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Appendix A
Mechanical Model for Transverse Shear signal

(Contributing Authors: Vivek Kalihari, Greg HaugdtaC. Daniel Frisbie)
(Reprinted with permission frofhysical Review Letter04 (2010))

In this appendix, we describe a mechanical modekcriging the origin of
transverse shear signal and its dependence oicelaotropy at the sample surface. We
discuss various forces acting at a tip-sample fieter and specifically, the force which
gives rise to torque about the cantilever axes, (the origin of TSM signal) when the
cantilever is scanning parallel to its long axisrtRermore, we also check the validity of

the mechanical model by comparing it with our ekpental findings.

Figure A.1 Forces acting at a Tip-Sample Interfac®irection 1’ is parallel to the long axis of
the cantilever and, hence, along the scanningttrecThe coordinate system (1’-2') is oriented
at an anglé with respect to the principal coordinate systeA2)1The zoomed in figure shows
the planar stress distribution on an infinitesimraa element of the sample.
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Consider a small area element of a sample, witimgatane normah coinciding
with the long axis of the cantilever (along 1’), #®own in Figure A.1l. Traction exerted

by the tip on this area element is giverf#}:

t =< [,

T Ty |1 Iy
t= { = =118, 77,,€y
Tpy T22:]| 0 [y

wherer; = components of in-plane stress tensor,

n = area element normal pointing in 1’ direction,

e = unit vector along 1’ direction,

€» = unit vector along 2’ direction.

The component of the traction, which is perpendictd the axis of the cantilever
(z217), will give rise to a torque about the cantilebeam axis and results in cantilever
twisting. The TSM torqueT) is given by:

T = HAr,.,. (A)
whereH is the vertical distance between the cantilevembaxis and the contact plane
andA is the area of the sample.

Let y be a uniaxial strain applied by the tip in direatil’, which is rotated by
degrees with respect to the principal crystallograjaxis 1. The components of the stress

tensor in the 1'-2’ coordinate system are giverh®sygeneralized Hooke’s law:
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Ty C Cp Cog || ¥
Ty | = Cpp Cpp Cuaf| O
[yy a1 Cap Cag || O

whereC;'1> throughCz3 are components of the reduced elastic modulusteBy using

the above notatiorg,,. can be expressed as:

T,y =Caul. (B)
From (A) and (B),
T = HAC,,J. (C)
According to equation (C), the TSM torquB @epends on only one component
of the elastic tensor,#& . Now, let us consider a general case where thecesblelastic

modulus tensor, with respect to principal crys@g&phic coordinates 1, 2, 3, is given

by[226]:

23 (D)

The elastic constant tensor is a fourth order tengme components of the elastic
tensor are written in reduced Voigt matrix notata®C,, wherem andn are each
indices corresponding to a pair of indigesr kl in theunreducedorm, according to the

following conversion:

morn | ij orkl
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Using this matrix conversion and the reduced elaséinsor in (D), the
components of thenreducecelastic tensor can be written as:
C1111=Cyy,

Ca2222= Co,
Ci122= Ca211= Cy2,

Ci221= Ca112= Ci212= Co121 = Cgg,

C1112= Cr121= C1211= Co111 = Gy,

C2212= C2221= C1222= Co122= Cp,
We are interested in onl@s1, as the twisting torque only depends@-. Cay-

in theunreducedorm, according to the matrix conversion, can lten as:
Csr =Cr211 . (E)

Cyr2110 can be written in terms of principal crystallognapcoordinate system 1,

2, 3, using rotational transformation rules forrtbuworder tensors, which is given by:

C1'2'1'1' = ZH: ; Zy: 26: Qa 1QE ZQ/ 1(% 1C;ﬂy6’ (F)
whereQ; is given by:
|:Qll le} :|:C.OS<9 - Sil‘ﬂ] G)
Q, Q,| |sind cod
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anda, B, 7, andéd can be either 1 or 2. Using equations (E), (FYl @), G1 can be

expressed as:

Cyr = Q1QuCriit TiQiQuCrit B1R:Q,C.h Q.Q.€ 4,
Q1QuQCrizt QQQuCont CG1R,Q,L 15 QR .Q.L it
QA Conrt R Cont G.R:10Q:L 03 Q.Q.Q.€ 41
Q1QuCoror + Q2,1 Comst ToRR:C 2ot QR 5L 200

=C,(-cos' 8 sind +C,, (co# sit¥ +C,, (2cd¢ st 2aBs ¥h+
C,,(cos @ sid- cod sitd yC, { 3cd¥ si@+ cB +)
C,,(3cog @ sirf - sifg )

Using the above equation forC, and inserting in equation (C), ti&Mtorque

(T) can be written as:

T = HA{C,(-coS’ @ sind i+ C,, (cod sind ¥ C, (2cd¥ st 2cBs S+
C,,(cos @ sif— cod sit¥ C, { 3cé¥ s+ ctB +)
C,,(3cog @ sif 8- sifd )]

The elastic modulus constants can now be replagegtidomost general form of

writing fourth order tensor components with quadgLgubscripts.

T=HAAE,,(-cos’dsind i+ E,,,,(co® sihd ¥ E,, (2cdd st 2a8s Sh+
E,,,,(coS @ sid— cod sitd 3 B, { 3céd <A+ @ +)
2E,,,,(3cog 8 sifg- sifig )]

The above mathematical equation for the TSM torQas general and can be
used to calculate the TSM signal based on the coewds of the elastic modulus tensor
and the scanning directiom order to check the validity of the above equatfior TSM

signal, we compared it with our experimental data.
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For the TSM calculations, we took the (1-2) plasdle &-b) plane because the
crystal plane under analysis is tH@00]-b[010] plane of pentacene. We tried to fit the
calculations based on our experimental results. fithean be used to calculate the
relative a-b plane elastic constants for pentacene single atsysthich areg;;;; ~ 1.8
E2222 E1212~ 0.2E222 E1122~ 0.6E2225 En112 « E2202 andEzz12 « Ezz22 In order to verify
the accuracy of the fit, we compared the obtaimtative magnitudes of elastic constants
of pentacene with that of anthracene single crySfaThe similar molecular structure
and herringbone packing of anthracene and pentas®iecules makes anthracene’s
elastic constants an excellent choice, as theivelahagnitudes of different elastic
constants should be similar in the two organic tedgs In fact, a good agreement between
the relative magnitudes of elastic constants intweecrystals indicates that the origin of
TSM is elastic anisotropy at the sample surfacd,that the mechanical elasticity model

can predict the TSM signal.
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Appendix B

Transverse Shear Signal for an Isotropic Material

(Contributing Authors: Vivek Kalihari, E. B. Tadmdéreg Haugstad, C. Daniel Frisbie)
(Reprinted with permission froldvanced Material20 (2008))

In this appendix, we will describe the transveréeas signal based on the
mechanical model (derivation given in Appendix A} &n elastically isotropic material.
According to the derivation in Appendix A, the taegexerted on the cantilever depends
on only one component of the elastic tensar, C

T =HAC,,). (A)

Let us consider the case where the sample is ampso elastic solid for which
the reduced elastic constant tensor, with respeptincipal crystallographic coordinates
1, 2, 3, is given by:

Cu Cp, Cp A+2u A 0
CuCpCyu|=| A A+2u O, (B)
G G, Gy 0 0 u

N

where/ is the Lamé constant, anglis the shear modulus.

The elastic constant tensor is a fourth order teridee components of the elastic
tensor are written in reduced Voigt matrix notata®C,, wherem andn are each
indices corresponding to a pair of indigesr kl in theunreducedorm, according to the

following conversion:

morn | ij orkl

1 11
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Using this matrix conversion and the reduced ealagbtropic tensor in (B), the
components of thenreducecelastic tensor can be written as:
C1111= Coz2 =1 + 2,

Cr122=Cao11=14,
C1221= Co112= Ci212= Co121= 4,
all otherCy = 0.
We are interested in onl@z1-, as the twisting torque only depends@sy:. Cz1 in the
unreducedorm, according to the matrix conversion, can logten as:
Ca1r =Cr211 - ©)
Cy211 can be written in terms of principal crystallognapcoordinate system 1, 2, 3,

using rotational transformation rules for fourtlder tensors, which is given by:

C1'2'1'1' = ; ; ; ; Qa lQﬁ ZQ/ 1% 1ct;ﬂy6’ (D)
whereQ; is given by:
|:Qll Q12:| — {COSH - Sirﬂ] (E)
Q, Q,| |[sind cod

anda, g, 7, ando can be either 1 or 2. Using equations (C), (DYl @), G1 can be

expressed as:
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C:3'1' = Qle12C1111+ leQZZC 2222_ (319 29 2; 123_1 @ ZQ lQ 19 21'12
Q221Q11Q12C1122+ 11Q21Q22C 221-31.- 619 29 2; 121-2 @ 29 IQ 1; 2121

=(-cos @ sid+ cod sitd N+ 2 % (cG9 st cBs 34
(2cos @ sirg— 2cof siH)u

The above mathematical formulation shows that foisatropic material,Cz- or
the torque about the cantilever beam axis (Equdfdnwill always be zero independent
of the scan direction. This result is expected &M of an isotropic material. For an
anisotropic materialCz1 will be a function o) and, hence, the cantilever twist generally
will be non- zercand will depend on the scanning direction. Depegdin the symmetry

of packing in anisotropic materials, the cantiletveist can be zero in some directions.
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Appendix C

Calculation of Diffusion Activation Energy of Peo¢se on Silicon Dioxide

(Contributing Authors: Vivek Kalihari, E. B. Tadmdeéreg Haugstad, C. Daniel Frishie)
(Reprinted with permission frolxdvanced Material20 (2008))

Here, we describe the calculation of diffusion\ation energyKp) of pentacene
molecule on Si@surface. In the complete condensation (no desorptegime, energy

of nucleation Ey) is given by:

_E +iE;
By = (i+2) (€1

wherei is the critical number of molecules required tonfoa stable clustekp is the
activation energy of diffusion, arfg is the difference in free energy betweedsorbed
molecules on the substrate (freely-diffusing) amdolecules in a cluster. Rui al’*®
performed a detailed analysis on the cluster sigiiloltion of pentacene on Si@nd
reported = 3.

Monolayer films of pentacene were deposited on,SO different substrate
temperatures (25°C to 55°C) in order to measuregthen size variation with growth
temperature. The above temperature regime was rhas@o desorption of pentacene
molecules from Si@was observed. According to the basic rate equatiormulated by
Venableset al*®® the growth system can be characterized as beirthe complete
condensation regime. An Arrhenius plot (Figure 508)the grain size (an effective

radius) versus the substrate temperature (T) ghesictivation energy of nucleatioBy(

~ 800 meV) for pentacene crystallites on SiO
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Figure C.1 shows the a[100]-b[010] plane view afitaeene molecules packed in
a herringbone motif. The free energy of a threeemuk cluster is estimated by using the
reported interaction energies between two pentacenelecules in various
crystallographic directions in a herringbone aremgnt on inert substrat&§’ | [100] =
0.293eV,l [010] = 0.035eV) [110] = 0.438eV, and [110]= 0.417eV. For example, the
circled region in Figure C1 shows one possibletelusf three pentacene molecules and
the corresponding interaction energy is givenIbj00] + | [110] + | [110]. This
particular configuration is termed as configuratibmnd there are six possible ways in
which three pentacene molecules can form a clgsteln that their interaction energy is
given by the energy of configuration 1. Table Gsislall the possible configurations and
the corresponding energies.

Nucleation is a totally random phenomenon, and thog three pentacene
molecules can come close together, without anyepred orientation and pack in a
herringbone motif. So all the listed configuratioase equally probable and the
approximate value of the interaction energy of r@ghmolecule cluster is calculated by
taking the weighted average of possible configareti (~ 0.978eV). In the above
calculation, the molecule-substrate interactioméglected because the molecules are
standing upright on the substrate.

The energy of three freely diffusing peetae molecules on Sjds approximated
to be 3kT ~ 0.086eV, where k is the Boltzmann camisand T is the temperature at

which pentacene molecules start desorbing from; i®@., 60°C). The difference
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between these two energies is the estimated vdll © 0.892eV. Using equation (A)
the activation energy of diffusion of pentacene 810, (Ep) is calculated to be

approximately 1 eV.

Configurations Energy (eV) No. of possibilities
Configuration 1 I[100]+I[110]+I[110]= 1.148 6
Configuration 2 1[010]+1[110]+ I[110]= 0.890 6
Configuration 3 I[110]+1[110]=0.876 2
Configuration 4 1[110]+1[110]=0.834 2

Table C.1 Interaction Energies of Stable ClustersTable summarizing number of ways in
which three pentacene molecules can pack in angiwne pattern and their corresponding
energies. All the energy calculations are basethertheoretical interaction energies, reported by
Verlaak et al.[166]
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Figure C.1 Interaction Energy between Pentacene Metules in a Herringbone Packingrhe
figure depicts the herringbone packing motif of tagene molecules on SiOThe energy of a
three molecule cluster is estimated by using theraction energies reported by Verlaak
al.,[166] for pentacene molecules in various crystaiphic directions on inert substrates. The
circled region shows one such cluster and the spording energy is given by | [100] + | [110]

+1[110].
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Appendix D

Proposed Growth Model of Pentacene Monolayer on SiO

As seen in Chapter 2, growth morphology dependatigren deposition parameters.
Depending on the deposition rate and substrate amhpe, different morphologies of
first monolayer on a substrate can be obtained. ofezating parameters | used for the
single monolayer growth of pentacene thin film dicen dioxide are:

« Substrate temperature ='60

+ Deposition rate = 0.01-.02 A/sec

« Operating pressure = 1 x i @orr

The above parameters were used because minimum lgrandary density can be
obtained by increasing the substrate temperatwtedaareasing the incoming flux to the
substrate. The lowest possible deposition ratelwaied by the sensitivity of the Quartz
Crystal Microbalance (QCM), which was 0.01 A/se@C5was chosen as the substrate
temperature because at a deposition rate of 0.8&cAtonsiderable re-evaporation of
pentacene admolecules was observed aboV@. Bthis observation was based on the
difference between the QCM reading (nominal thige)eand the real coverage on the
substrate.

Thin films with different substrate coveragesre grown and then imaged using
TSM to get snap shots of various stages of pengacemnolayer growth on SpOAt 50

°C, the first pentacene monolayer was seen to caetpleoalesce around a nominal
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thickness of 16 A. Figure D.1 shows the TSM image§irst pentacene monolayer on

SiO, at different stages of growth. Island heights angtbstrate are same as the length

Figure D.1 TSM images of different stages of pentace monolayer growth on SiQ
Nominal thickness: (a) ~2A, (b) ~5A, (c) ~9A, (d)15A and (e) ~16A

of the pentacene molecule along its long molecailas, indicating that the pentacene
molecules are standing upright on the S#0bstrate. The dendritic shape of the growing
islands in the initial stage of growth indicategttthe initial growth stage is diffusion

limited. Islands loose their dendritic shape atiecertain stage of growth and become

smoother, and then they grow as more compact isltihthey coalesce. The growth and
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the coalescence process can be treated separatethi§ system because the TSM
images indicate that the coalescence takes pldgdrothe final stage of the growth for
all the grains.

In the proposed growth model desorption of molexditem the substrate is not
taken into account because it was observed tHEQ@tthe substrate coverage is same as
the nominal coverage. To confirm this point, a Bngonolayer pentacene film was
grown on SiQ and the film was not quenched right after the gholut was kept at 50
for an hour, and there was no indication of desompbdf pentacene molecules from the
substrate. The change in the shape of growing dslasuggests a change in the
dominating mechanism which governs the grain growththe following section | will
address this critical point. To make the growth hagism more clear, the nucleation and
growth of first monolayer of pentacene on Si® divided into three different stages.
Stage 1 covers nucleation, stage 2 describes iti@ igrowth mechanism which gives
rise to dendritic islands and stage 3 discussediriae growth mechanism which gives

rise to compact islands and the coalescence process

Stage 1

Initial nucleation process is expected to be sfpatimogeneous throughout the
substrate, especially on atomically flat, inertsdte like SiQ. Stochastically nucleation
is defined as the probability of meeting of a cati number of molecules together,

moving randomly on the substrate, at a particutae tand position. Figure D.2 shows
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diffusing flat lying pentacene molecules on $i@/hen the critical number of pentacene
molecules come together to form a stable islane ptblecules flip and stand upright on
Si0,. The minimum number of pentacene molecules reduoestabilize a cluster is four
(Fig. D.2)!®!

Low deposition rate (as in my case) results iwefe pentacene molecules
diffusing on SiQ per unit time per unit area, so the probabilityfofming a stable
nucleus is less which gives rise to low nucleataensity. Nucleation process will
continue till the distances between the stable eiuate comparable to the diffusion
length of the pentacene molecules on,$3@cause after that growth of stable nuclei will
take place. Diffusion length of pentacene molecw#fising on SiQ increases with
temperature and hence the nucleation density dezseaith an increase in substrate

temperature.

Figure D.2 Schematic showing stage 1 of pentacen@nolayer growth on SiQ (nucleation

process)
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Time involving the formation of stable nuclei is amless compared to the total
time of growth of the first monolayer, but the reation density itself determines the
final grain size. Once enough stable nucleatingezsrare formed on the substrate, they
start interacting with the neighboring centers teate depletion zones around them and
the nucleation density saturates. In literatures tharticular phenomenon has been
described by the Capture Zone mdd8IThe same island density is observed at different
growth stages indicating that no secondary nudeatkes place during the growth and
the concerned system fits well into the captureezanodel. Fig.D.3 shows the
comparison between the capture zone model anditaéned polycrystalline pentacene

monolayer film on SiQ

Figure D.3 Comparison between the Capture Zone Modend the experimentally obtained
TSM image of pentacene monolayer on Sig)”!
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Stage 2

% = (i +1U, +o,Dnn, + RZ

The above equation is same as the equation 2.6hwtiéscribes different
mechanisms which contribute to grain growth. Thstfierm in the right describes the
incorporation of molecules to form a stable nucland can be neglected for the growth
stages. In the second term, D is the diffusionfeoeht of molecules on the substrate and
this term dominates the growth when the island ¢indssdominated by the incorporation
of diffusing molecules on the substrate. In thedtlherm, Z denotes the surface coverage
and the grain growth is controlled by this ternhith covergaes or at high temperatures
where there is significant re-evaporation of admales from the substrate. In case of
monolayer growth of pentacene on &i@here are two sources of incoming flux: (a)
molecules which land on SjQdiffuse on SiQ and get incorporated into the growing
pentacene islands and (b) molecules which landprot the growing pentacene island,
diffuse on the pentacene island and then jump dow®iO, and get incorporated at the
island edge. Initial dendritic structure of thearslls suggests Diffusion Limited
Aggregation, where the pentacene molecules dif(usim SiQ controls the growth i.e.

the second term in the equation 2.6 dominates.
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Diffusion Limited Aggregation

00

Figure D.4 Schematic showing Diffusion Limited Aggegation. Red and green dendrites are
stable growing islands and incorporation of diffusng flat lying pentacene molecules on SiO
is the dominating mechanism which governs the graigrowth (diagram not to scale)

In Diffusion Limited Aggregation atoms randomly fd$e on the substrate and
whenever they encounter any island, they get irmmatpd because the sticking
coefficient of the molecule incorporation into @hand is approximately one. Figure D.4
shows the stable dendritic island growth by theoiporation of diffusing pentacene
molecules on Si® The diagram is not to the scale because thelyilagy pentacene
molecules are shown to be comparable in size \mghgrowing dendritic islands, but in
reality pentacene molecules are very small comptrdtie dendritic islands. Dendritic
shape does not provide much projected area fointteming atoms to sit on the stable
islands; therefore the second source of incoming ftan be neglected in the initial
growth stages. Low deposition rates ensure thadémesity of pentacene molecules on

SiO; is low enough so that the molecules can perforowBran motion and get attached

209



to the growing island whenever they encounter atand edge, giving rise to a dendritic
island shape in the process.
Stage 3

As the coverage of the substrate increases, ttendesource of incoming flux
comes into picture,e., the third term in equation 2.6 becomes dominatirige change
of shape from the dendrites to the compact lookstgnds can be attributed to this
second source of incoming flux, as shown in Fig.D.5

As an island grows the projected area of an isinagkases for the incoming flux
of molecules and it results in a number of molesuligectly landing on top of an island.
Distribution of pentacene molecules on top of tist fpentacene monolayer islands is
homogeneous and the probability of any moleculditinse to the tip of the dendritic
branch, make a jump and get incorporated at this tyery less. Instead, a molecule will
find the nearest edge and will diffuse to that edgd get incorporated after jumping
down to the substrate, and this process will malkends more compact in shadffé The
probability of a molecule to jump from the first mmayer to the substrate depends on
the value of Ehrlich-Schwoebel barrier. Ehrlich-&olebel barrier is defined as the
energy barrier associated with the movement of tamdrom the # layer to (n-1Y
layer[??5: 2261 Almost complete coverage of the first pentacenadtayer before the start
of the second layer growth indicates that this gynérarrier is less for the movement of

pentacene molecules from the second layer to tthieldiyer.
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Edge Smoothening

>

Figure D.5 Schematic showing diffusion of admolecalfrom top of the first monolayer to
the substrate at the edge of an island

The movement of atoms from the first monolayerhe substrate can also be
understood in terms of bond strength. When a mtdeicimps down onto the substrate
and gets incorporated into the growing face, itsgstiabilized by the edge to face
guadrupole interaction with the neighboring molesulThis extra stability acts as a
driving force for the molecules to jump from thestimonolayer to the substrate and get
incorporated into the growing island. Islands cmun to grow, form compact shapes and
finally coalescence occurs where the moleculesirfilthe space between the growing

islands giving completely coalesced pentacenerfistolayer on Sig)
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Coalescence

>

Figure D.6 Final growth stage: Grain Coalescence

Figure D.6 shows that during the coalescence tiseagain a change in shape of
the grains, from compact rounded to compact facftkedse facets suggest the possibility
of some preferred crystallographic planes and soeferred grain boundary angles. This
faceted grain structure also suggests some fornguafsi-equilibrium state and is

discussed in detail in Chapter 5.
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Appendix E

Physical Vapor Deposition of Organic Semicondudtomn Films

Deposition of ultra-thin organic semiconductor firan solid substrates from the
vapor phase is performed in a modified thermal exaton system from Denton
Vacuum (model DV-502). The vacuum system consistsstainless steel chamber and a
glass bell jar. The vacuum system is evacuated thételp of a water cooled diffusion
pump (main pump) and an oil-sealed mechanical p{magking pump), allowing for
pressures in the range of 1€ 1x10’ torr. A liquid nitrogen cooled trap and a baffle
separates the diffusion pump from the main chamibeorder to avoid the heated oll
molecules from the diffusion pump to enter into th@n chamber. The source material is
placed in an alumina crucible and resistively hetatéth a Luxel Radak | furnace
coupled with a K type thermocouple and an exteEhalotherm controller. The source
temperature can be controlled in the range 22-T500he substrates are attached to the
substrate holder with a screw and clamp system.slibstrate holder is mounted to a
resistively-heated, water cooled sample stage wihi¢trn is connected to cartridge-type
heater, K type thermocouple and water lines. Sarspdge is also coupled with an
external Eurotherm to control the temperature efsAmple stage in the range 25-850
In-situ film thickness is measured with an Inficquartz crystal microbalance (QCM)

which is placed near the sample stage and hassgtsitivity of 0.01A/s.

Most of the organic semiconductor ultra-thin fillaee grown on Si@ For an

ultra-thin film formation the substrate plays arportant role. It is very important to have
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substrates that are relatively free of particleprevent heterogeneous nucleation during
the organic thin film growth. Heterogeneous nudteatan drastically change the final
morphology of the ultra-thin films. After introdud the substrate and the source in the
main chamber, the chamber is pumped down to th&edepressure. The source is
preheated (~10G) to get rid of the moisture. After reaching thesided vacuum inside
the main chamber the source temperature is sloatgped up to the sublimation
temperature of the source material. During theahgtages of heating a shutter obstructs
the sample holder form the view of the source tieciThis prevents any low molecular
weight organic molecule in the source crucible frdeposition onto the substrate. After
reaching the sublimation temperature of the soaraterial the shutter is opened and the
thickness of the deposited film on the substratmoesitored in-situ with the help of the
QCM.

The QCM thickness measurement system, with a heghkisvity of ~0.01 A/s, is
capable of monitoring the thickness within a fewThe calibration between the QCM
monitored thickness and the actual thickness ig sensitive to the relative alignment of
the substrate and the source crucible. The todhotpr in the QCM takes care of the
alignment between the source and the substratetigiéulsamples are grown with
different thicknesses.é., different thickness readings on the QCM) anchtAé&M is
used to measure the actual deposited thicknessondparison is drawn between the
actual thickness and the QCM thickness number deroto get the right tooling factor,

which differs for different source materials.
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After growing the desired thickness of the thinmfilthe shutter is closed again
and the source crucible and the substrate holdemnater-cooled. When the source
crucible cools down to ~8@, the vacuum chamber is isolated from the pumpirsem

and the nitrogen gas is vented in to remove thesddell jar and to take out the substrate.

Figure E.1 Physical Vapor Deposition Chamber
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