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1. General introduction

Chapter 1

General introduction

1.1 Nanotechnology and Nanostructures

Nanostructures are systems whose size in at leastlionension is
less than 100 nm. The variety of interdisciplinapsearch fields
dealing with these nanosized materials is termeabidghnology. The
idea of nanotechnology dates back to 1959, whepltlgeicist Richard
Feynman presented his famous talk entitled “ThegokEaty of room at
the bottom” [1] at the annual conference of the Aoan Physical
Society. However, the very birth of nanotechnologgs been
represented by the invention of the Scanning TungeWlicroscope
(STM) by Binnig and Rohner, [2] which made possibdeobserve
materials down to single atoms in real space andpukate them one
by one by making use of the strong interaction betwtip and sample
at small working distance. [3] Following Moore’snlawhich states
that the density of transistors in a chip doublpgreximately every
eighteen months, electronic components and circhase been
downscaled to dimensions of hundreds of nanometieasks to the
development of sophisticated techniques such asolghography,
electron beam lithography and focus ion beam. Hewvewwadays
nanotechnologies are not Ilimited to the improvemeat
microelectronics devices by means of their miniaation, but the
application fields are more numerous, viz. solidest@&chnologies,
biotechnologies, device technologies, sensorsgdeand control of
innovative nanostructured materials and many mbl@nostuctured
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materials have revealed peculiar new propertiescaed with size
and spatial organisation.

1.1.1 Bottom up fabrication and Self- Organisation

Nanostructured materials can be fabricated follgwino different
strategies, as schematised in Figure 1.1 In theddeyn process a
macroscopic object is progressively cut and shapedder to obtain a
functional architecture.

Top Down

nD

s

Bottom U1:-

Figure 1.1 Schematisation of the approaches “Bottqgrhand “Top Down” used
for the fabrication of nanoarchitectures.

This methodology is adopted by the lithographidhitegues, which
have been used in microelectronics to produce itiycwof high
quality. However, despite of the possibility to fiahte very reliable
and complex architectures, the improvement of gjthphy to yield
smaller and smaller objects is reaching its phydiodt because of
undesired phenomena such as diffraction of radiatoough the slit
of a photolithographic mask and uncontrolled diffusof electrons
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inside polymeric photoresists. Moreover these tegles are very
expensive and in the case of electron beam litpdgra
nanoarchitectures can only be produced seriallychvieeverely limits
their industrial applications. In view of thesmiliations the bottom-up
approach has been more recently developed. [2,¢] Ihis technique
architectures are built by manipulation of molesulevhich are
assembled into functional structures. Macroscopalst because of
their dimensions, are not suitable to arrange nubdscat specific
positions, and the process is inadequate to budghisticated
functional architectures. Therefore the instrumefds handling
molecules have been incorporated into the moledbkEmselves, with
a new approach called “self-assembly”.

Bottom-up nanotechnologies are based on moleculdewed with
the capability of organising into more complex mesa nanoscopic
structures. The driving forces of this organisatese complementary
specific interactions on one hand and intermolecualampetitive
interactions such as hydrophilic/hydrophobic fordegdrogen bonds,
Van der Walls interactions on the other hand. Alese forces
contribute to minimise the free energy of the passsupramolecular
configurations. [5,6] The ultimate purpose of bottom
nanotechnology is hence the fabrication of archires which are
self-built starting from suitably designed moleaul®loreover, these
structures have to be connected with the “macrasasprld”, that is,
they should give a detectable response when addiégsa stimulus.

1.1.2 History of the idea

The idea that the dynamics of a system may leaddease the
inherent order of the system itself has a longonystOne of the
earliest statements of this idea was by the philosoDescartes, in the
fifth part of his ‘Discours de la methode"where he presented it
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hypothetically. Descartes introduced the idea thatordinary laws of
nature tend to produce organisation. The term -tagjénizing" seems
to have been first introduced in 1947 by the psfrist and engineer
Ross Ashby. [7] Self-Organisation as a word anccephwas used by
those associated with general systems theory i1966s, but did not
become commonplace in the scientific literaturdl utst adoption by
physicists and researchers in the field of complestems in the 1970s
and 1980s. It defines a process in which the ialesnganisation of a
system, normally an open one, improves spontangoutgiout being
driven or managed by an external source. Self-azgan systems
display emergent properties. Although most robust anambiguous
examples of self-organizing systems are from plsyswhere the
concept was first noted, self organisation is prese many other
disciplines like chemistry, biology, mathematicsmputer science and
human society. Self-organisation, despite its tiveisimplicity as a
concept, has proven notoriously difficult to defia@d pin down
formally or mathematically, and it is entirely pide that any precise
definition might not include all the phenomena thiet the label has
been applied. Von Bertalanffy presented the notioh self-
organization as the ability of a system to grow do¥g more
organisation and complexity, that is to say hisacay of maintaining
unceasing exchanges of matter, energy and infoomatvith his
environment, and to regulate in the most adapted kna metabolism.

Self organisation relies upon four basic ingredienpositive
feedback, negative feedback, balance of explortadiod exploration,
and multiple interactions. To answer the basic tomes these
ingredients have to be identified for the variolem@omena and one
has to understand these ingredients and combigerterate structural
organisation.
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1.1.3 Self-Organisation vs. Entropy

The idea of self-organisation challenges the eaplegadigm of ever-
decreasing order which was based on a philosophesatralisation of
the second law of thermodynamics. However, at theascopic or

local level, both need not to be in contradictidnis possible for a
system to reduce its entropy by transferring ittsoenvironment. In
open systems, it is the flow of matter and enelggugh the system
that allows the system to self- organise and tdhamxge entropy with
the environment. This is the basis of the theory didsipative

structures. llya Prigogine noted that self-orgaiosacan only occur
far away from thermodynamic equilibrium. [9] It widuappear that,
since isolated systems cannot decrease their entroply open

systems can exhibit self-organisation. However alsclosed system
can gain macroscopic order while increasing itsraVeentropy.

Specifically, a few of the system’s macroscopicrdeg of freedom
can become more ordered at the expense of micnasdigprder. This
Is particularly relevant for dynamical systems fedrby a complex of
building blocks of specific physical properties lmplogical systems
where the increasing organisation of large molecuse more than
compensated for by the increasing entropy of smmadllecules,

especially water. [ 10]

1.1.4 Self-Organisation in Chemistry and Biology.

Non covalent interactions play critical roles i thiological world.
Thus, with just a few building blocks, strands eicleicacids allow
huge amounts of information to be stored, retrieaad processed via
weak hydrogen bonds. Similarly, a large awégignalling molecules
within cells recognizes subtle differengasprotein surfaces. Beyond
molecular chemistry based on the covalent bondyrasuplecular
chemistry has implementedese principles of molecular information
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in chemistry. Throughmanipulation of intermolecular non covalent
interactions, it explorethe storage of information at the molecular
level and its retrievakransfer, and processing at the supramolecular
level. These occur via interactionalgorithms operating through
molecular recognition events baseh well-defined interaction
patterns (such as hydrogen bondargays, sequences of donor and
acceptor groups, and ion coordinatiosites). The goal of
supramolecular chemistry is to achieve the corgx@r the complex
spatial (structural) and temporal (dynamic) featusé mattethrough
self-organisation. [11]

1.1.5 Self-Organization and self assembly

Self assembly is the spontaneous association oéaulds under
equilibrium conditions into stable, structurally ha&efined aggregates
joined by non covalent bonds. [12] Examples areecwhr cages
containing a weakly bound dipoles, interlocked singelf assembled
monolayers. A particularly attractive goal is thelfsissembly of
nanostructures. In order to connect nanostructorédse outside world,
viz by the so call integration across the lengtiles; it is necessary to
build up larger assemblies by guided self-assemiig information
necessary for the organization process is embeidig components
and is expressed through molecular interactiondisfinction can be
made between self organisation like the formatibargstals, vesicles
or liquid crystalline phase and the much broadencgle of self
assembly that governs the spontaneous generatieveof very larges
systems capable of executing complex functionsciRasng examples
for making more complex systems in which a seleagsly process
allows also the design of specific functions, ane mechanically
interlocked structures such as catenanes and reaxa3] where self
organisation is mainly governed by multiple intéi@as.
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1.2 Rotaxanes: what are they?

The word rotaxane derives from the latin “rota” mieg wheel and
“axis” meaning axle. In chemistry, th2] rotaxanes (Figure 1.2) (the
prefix indicates the number of the interlocked comgnts) represent a
group of compounds in which a macrocycle (whee$tiang in a bead
on a linear component (axle) bearing bulky group®ah ends to
prevent the components from disassembling. Rotaxartbout such a
physical barrier are termed pseudorotaxanes. Naleotbond holds
the components together, but rather mechanicalanel responsible
for the linking of the components. Thus, rotaxabekave like well
defined molecular compounds with properties sigaiftly different
from those of their individuals components. Theseque features
offer the possibility of designing nanoscopic e@lents of bearings,
joints, motors, rotors, pistons, and other macrpsso assemblies,
composed of interlocked mechanical parts [14].

Macrocycle

stoppers

thread

Figure 1.2. Schematic presentation ¢2Jarotaxane
1.2.2 Rotaxanes synthetic strategies

Three differents routes are describe in literatareghe synthesis of
rotaxanes: threading, clipping and slippage. Algtotheir synthesis is
not the subject of this thesis, a brief descriptadnthe methods is
reported in the following and is schematicallyskated in Figure 1.3
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In the ‘threading” procedure, the macrocycle will first encircle the
thread to form a so-called pseudorotaxane. By epuiog the thread
with bulky groups that prevent the dethreading[2j rotaxane is
formed.

In the ‘clipping” method, the macrocycle is assembled in the
presence of the endcapped thread or dumbbell byecmation.

As a third possible route, careful selection of iee of the
macrocycle can allow slippag€ of the ciclic molecule over the
blocking groups at elevated temperature and yieldpending on the
energy barrier, either rotaxanes o pseudorotaxt@ls.

{ T I1r¢adinq:
— L -r

| / A pamudarctarane \ O

Q Q Clipping
::) D: > (J £ :) :) — {I}
a2 @

clumiticel] rracrecyele

Figure 1.3. Three different strategies for the Bgsis off2] rotaxanes.

The choice of one of these three routes in thegsegjon of a rotaxane
depends mainly on the chemical nature of the diffecomponents
and on the chemistry required to establish therlodtked molecule.

An interaction between the two individual composeist very often

the driving force in the synthesis of rotaxanese Hifferent types of

interactions, which can occur in the mechanicatiigdd species can be
divided into Van der Waals interactions, hydropleobiteractions,

hydrogen bonding, donor—acceptor interactions amadsition metal

coordination.
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In the case of rotaxanes studied in this thesikwue most important
interactions are hydrogen bonding and n. They are tertiary amide-
based rotaxanes as depicted in Figure 1.4 lefrightl synthesized by
Leigh and co-workers. [15,16] Here after they w#l called rotaxang
and rotaxane 2 respectively. The decisive elementnfiolecular
recognition is the mono amide functionality. Hydeog bond is
essentially responsible for the self organisatioocess whereas-n
interactions are thought to be of only minor sigaihce.

o [l
2 4\#0

He
PhoHCHC @ % *CH,CHPh,

N

1 o/,\

Figure 1.4 Chemical structure of tf# rotaxanes, investigated in this thesis. They were
termed rotaxan& and rotaxan@ respectively.

1.2.3 Self organisation of rotaxanes nanostructures

Rotaxanes are molecular systems that respond texsernal
stimulus (electrical, chemical, optical, mechanical environmental)
and modify their co-conformation accordingly. THere, they are
potentially interesting as molecular actuators] [d4ilding blocks for
mechanical molecular machines [14] and potentiamorees and
sensors. [14] Rotaxanes form a class of moleculzhitactures with
adaptive functionality. [14] Several examples ofntcollable or
triggered motions (Figure 1.5) of the macrocycleéhwespect to the
thread have been reported, resulting in changgsaiferties such as
conductivity, [17] circular dichroism, [18] and fBuescence. [16,19]
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These results suggest that new paradigms for swgclmformation
storage, sensing, adaptive surface behavior, armdgt stoatings could
be developed based on rotaxane architectures. Howte degree to
which such effects, which have mostly been obsemesblution, can
be transferred to the condensed phase is not gat,R0] especially
with respect to the technologically relevant medinthin films. Nor,
indeed, is it clear how the stimulus/response @®cean be most
effectively controlled.

Figure 1.5.Example of a triggered motion of the roagcle in a[2] rotaxane (reversible
shuttling of the macrocycle).

There have been many studies on the triggered mespof
rotaxane thin films. [21] The experimental resutisa electrical
switching of a rotaxane system developed by Staddat Heath have
raised several questions related to the mechamsether it occurs at
a single-molecule level [22] or it is due to a loeorganisation. [23]
The analysis of the energetics of a different ratex system in the
solid state suggested that the mobility of the meyrle with respect
to the thread would be enhanced if the hydrogemingnability of the
macrocycle was saturated by interactions with tinead rather than by

10
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intermolecular interactions. [24] This assertionswsupported by
atomic force microscopy (AFM) indentation of micrgstals, which
demonstrated the larger plasticity of the rotaxenystals with respect
to crystals of either the thread or the macrocy@avallini et al.

recently reported a remarkable phenomenon wherebyocal

mechanical perturbation applied via AFM operatech girecise load
force on a region of a rotaxane thin film transferiminto arrays of
regularly spaced nanostructures (dots), [25] asvshim Figure 1.6,
that could coalesce to form lines [26] under tightriconditions.

Force applicated (3-4nN)

AFM tip

linear scan

begining topographic
profile

Final topographic
profile
Figure 1.6. Self-organisation of a thin rotaxarlenfinto nanodots upon a mechanical

stimulus (AFM Tip).

This self-organization occurs collectively as thertprbation is
applied. The phenomenon is reminiscent of the pmemology of
spinodal dewetting [27] since the characteristiogth scale is
controlled by the film thickness. Getting a goodntrtol of these
nanodots will lead to the birth of new informatistorage devices.
(Figure 1.7).

11
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1.5 um

Figure 1.7. A) Array of dots fabricated of rotaxadéy individual line scans of the AFM
tip on a 5-nm-thick film of rotaxank deposited on highly oriented pyrolitic graphitB) (
For a given thickness (here 20 nm), the numbeots b linearly proportional to the scan
length. The number of dots can be determined withaecuracy of at least 2%. Film
thickness controls the characteristic size. Varyheyfilm thickness in the range between
3 and 35 nm, interdot distance increases from @0B0 nm, the dot full-width-half-
maximum from 40 to 250 nm, and the dot height frbno 20 nm, with a dispersion of
10 to 20%. C) Pattern made of 31 lines with 45 dots each o=3M by 30 prharea on a
thicker film. (D) Proof-of-concept for information storage. Thelsmtre "e ¢ 7 a 8" in the
hexadecimal base corresponds to the number 968616n ref. 25).

In this thesis we have studied the mechanism of Sk
organisation of rotaxantand2 thin films upon thermal and chemical
stimulus and the effect of the substrate on thair films. Then we
have determined the phenomenological parametershwdan be used

to control the thickness of rotaxane films, by spoating. Thus, we
have studied the viscoelastic properties of rotaxasince it exhibits

12
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nanocrystals when annealed, that we have not @ataimith the
rotaxane?.

1.3 Organic semi conductors
1.3.1 Quinquethiophenes: What are they?

Thin films of quinquethiophenes have been investigeecause of
their relevance as active layer on Organic FielfedEf Transistor
(OFETS)

Quinquethiophenes [28] are a family of oligothiopbge with 5
thiophenes units linked. They are a well know orgaemiconductors
materials. The molecular structures of the olig@maeve have
investigated are shown in Figure 1.8.

A N N

TS TsMe
@\;. s. MW s f@

TSA
Figure 1.8. Molecular structure of unsubstitutednquethiophene (T5) substituted

quinquethiophene (T5Me) and modified quinquethiogh@'5A).

The immensely broad spectrum of organic semicomduct
molecules can be classified into two major groupstymers, and
small weight molecules or oligomers. Polymers aomgichain
molecules formed by the repetition of moleculantsinthe number of
repetition units is indeterminate, thus leadingateariable molecular
mass. On the contrary, small weight molecules raweell defined
molecular weight. From the point of view of thele&ronic and optic
properties both groups can be considered rathelasjrbeing the main

13
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difference the thin-film deposition methods. Instteense, polymers
show the advantage of being processable from salu®ligomers are
in most of the cases insoluble and are thus degub&iy technically

more demanding methods with consequently highercesied costs.
However, their major advantage with respect togblymers is that

they can be grown in thin films of high purity aodystalline order,

two important requirements to obtain high chargei@amobility.

Thin films of organics oligo-thiophenes are of dréaterest as
active layers in devices such as field-effect tistoss, [29,30] light
emitting diodes, [31] solar photovoltaic cells. [3Zhe transport
phenomena in these molecular devices depends oninteglay
between electronic structure and order in the nubdecassembly
These films allow for the investigation of fundartanphysical
phenomena, such as mobility, charge injection, anterface
phenomena in organic layers, that critically dependstructure [33]
and morphology. [34]

1.3.2 Organic Field Effect Transistors (OFETS)

The potential use of organic semiconductors in dfeffect
transistors (OFETs) was already demonstrated inlatee eighties.
[35,36] Since then, tremendous efforts have beerotdd to the
development and optimization of these devices, Wwluansequently
lead to a rapid progress, to the level that thdopmiance of good
organic thin film transistors (OTFT) rivals that afommercial
amorphous silicon transistors. Thin film field-efféransistors consist
on a semiconducting film contacted by metallic seuand drain
electrodes, and a third electrode (gate) separdredn the
semiconducting film by a dielectric layer. There aeveral different
options to arrange the elements of the device, gbdhle main
difference the relative position of the contactdhwiespect to the

14
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semiconductor (on top or bottom), as shown in Fagu®. The typical
dimensions for the channel length (L) and width &® in the range
of 1 to 50 um and 100 um to 11 cm respectivelyudgimodevices with
channel lengths in the nanoscale have already demonstrated. [37]

The operation of OFETs depends on the applied giadesource-
drain voltages. [37, 38] When a positive voltagaepplied to the gate
(Vg), negative charges are capacitively induced insdgraiconducting
layer (Figure 1.9) and vice-versa. Much of thisrgleais mobile and
thus moves in response to an applied source-dodiage {p).

Bottom contact Top contact

Figure 1.9. Representation of thin film transisgeossible configurations.

Ideally, atVs=0 there is an absence of mobile charge carriedsaan
consequently low conductance in the semicondudting The device
is “off”. Upon gate voltage application, the chaiggection increases
the conductance and the device is turned “on”.rtkeoto clarify the
underlying concepts of the field effect transisiperation, Figure 1.10
shows, in a simplified way, a scheme of the evolubf the electronic
energy levels in the device. The application & shifts the
semiconductor energy levels with respect to thaniéevels of the
contacts, until the HOMOW;<0, p-channel operation) or the LUMO
(Ve>0, n-channel operation) reach the Fermi level.sTlbiads to a
charge injection into the semiconductor and to &ttec current

15
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between source and drain upon application of andmaltage.
However, additional aspects not taken into accauonthis simple
representation make that, with few exceptions, wergiorganic
semiconductor acts only as hole or electron comduend is
consequently classified as n- or p-type semicormfuct

S LUMO

n-channel p-channel
operatlon HOMO cperanon

source organic drain
semiconductor

V<0
b. VG>O c. ————

electron - hole _
accurmulation VD_O accumulation V =0

o

1l ll

d. 1::thrzpt e. /
Eee V<0
D Vo0
\ hole
transport
Figure 1.10 (a) Idealised energy level diagrammobiganic thin TFT at ¥=0 and \6=0.

(b-e) showing the principle of field effect trarteisoperation for the case of (b) electron
accumulation and (c) transport and hole (d) accatianl (e) transport (from reference 37)

If we define the “threshold voltageV; as the voltage necessary to
generate mobile charge carriers in the semicondutih@ current-
voltage relationship in an OFET can be describedpaconventional
semiconducting devices, [39,40] by:

w

V. 2
:TC/JHH |:(VG Vi)V, _7D }

D,lin

This equation is called “linear regime” equationgas valid when

16
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Vb < (Vg - Vy). If Vp = (Vg - Vy), the semiconductor region near the
drain contact is completely depleted of free chargeiers. Once this
point is reached, the current becomes independén¥yoand it
follows:

W
= chusat(VG _VT)2

D,sat

In general, the transistors are characterizedrdithaweeping/p at
a constani¥/s (Ip-Vp) or output curve, or by sweeping at constant
Vb (Ip - Vi), or transfer curve. By adjusting the obtainedvesrin the
linear or saturation regime to the previous equatithe mobilitiegu;,
and s can be calculated (leading often to different ealuusually
with higher mobilities in the saturation regimea), addition to other
important parameters such ¥s |./lo and the subthreshold swing S
(a measure of the switching speed from the ondmthstate).

For a given molecular material, it is the chargeieainjection into
the organic semiconducting layer and the chargeiecamobility
within the organic film which mainly determine itslectronic
performance. The charge carrier mobility dependsially on the
intermolecular overlap of the electroneorbitals of the molecules,
which is in turn intimately related to the cryssatucture [41,46]. For
an optimum electronic transport, the achievemenbmgfanic single
crystalline films would be the ideal case, since thtrinsic charge
carrier mobility obtained in single crystals actyakpresents an upper
limit for the thin films. [44,47-49]n practice, the growth of TFT
results in the formation of polycrystalline filmsytroducing charge
traps at the grain boundaries, [50-53] defects5aland interfaces,
[56] which reduce the effective carrier mobilitytime films.

The charge carrier injection depends on the enbagyier at the

17
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semiconductor-metal interface and is strongly mficed by the
structural and electronic properties of the orgdimes at the contacts.
[37] The inherent contact resistance of a metalis@mductor junction
showing a potential barrier between the metal wiariction and the
HOMO or LUMO level, is frequently further enhancky additional
dipole barriers generated at the interfaces. [B74ddition, in bottom
contact devices the semiconductor usually showgerdifit growth
behaviours on the contacts and on the dielectiingjrise to a large
number of grain boundaries in the transition regwose to the
contacts. [57,58] For these reasons, it is oftenctise that the contact
resistances in the devices are large and limit fpeiformance. [37,59-
60] Another important aspect for the device propergethe material
purification, [66] since the presence of impuritiegn have several
negative effects on the device, as e.g. generatpg or increasing the
semiconductor conductivity with dopants and therebglucing its
loW/lo ratio [38,55]

The challenge is to find a route to optimize theapseters of
influence, i.e., increase the domain sizes, [67c884in structures of
upright standing molecules in order to have therlapeof n-orbitals
and thus the favoured direction of charge carmrandport in the
surface plane, [41,37,48] obtain highly aligned§l| [42,54] decrease
defects or other charge carrier traps, or imprévedharge injection.
There is a number of accessible tools which hawn kexplored to
reach each of these goals.

For the optimization of the charge carrier mobiliythin the
organic film, special attention has to be paid he first layers in
proximity to the dielectric, since it is already livestablished that the
charge transfer takes place mainly along these fwestylayers of the
semiconductor close to the dielectric interfacdd[58,69]

18
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Among the oligothiophenes, the shorter homologue of
sexithiophene (T6), quinquethiophene (T5), has bearch less
studied. T5 is more difficult to synthesize than, Tt has the
advantage of being slightly soluble in a few orgasolvents which
makes it easier to purify. At the same time, sditybioffers the
possibility of processing thin films by solution mesition or casting,
which are more relevant in view of large area ajgions.

Scarce data from different laboratories on fieltkef charge
mobility generally quoted between 1 and 2 ordersmagnitude below
that of T6 have been published. [70,71] Intere$yingxperimental
data obtained by a variety of structural techniggtesngly suggest that
T5 can self-organise into layered structures, [W&lich makes it
promising as an organic semiconductor with highrghacarrier
mobility.

Therefore, in this thesis, we have studied someergértrends of
variation in the electrical properties of T5 on hi;g film deposition
conditions or introducing structural modificatioofsthe backbone.

1.3.3 Thin Films and their importance in technology

As thin films represent instances of low dimenslos@ids, they
arise nowadays a large interest in science anchobafyy.

Many techniques can be used for the film deposiiocording to
the state (liquid, powder, etc...) of material. Ire tbase of vapour
deposition for instance, one has to consider rdtedeposition,
temperature of vapour atoms or molecules, anglenofdence of
vapours, electrostatic charges carried by vapadhes,substrate and
vapour materials, substrate temperature and theac@mmodation
and condensation coefficients of the vapour atomasthe ambient gas
atoms carrier. Thin films properties may vary fraechnique to
technique.
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1.3.4 Thin Films growth modes

Many of today solid state devices are based on filins,
consequently making their growth a subject of htgkhnological
interest. The requirements for the film structunel anorphology can
vary from couple of layers to multilayers with lageof well defined
thicknesses and sharp interfaces. The control der final film
structures and morphologies is thus crucial fordéeéce performance.

The theoretical background of film growth is vempéd and has
been studied under different approaches. Here,@blyef summary is
presented, focused on those aspects necessary fopasic
understanding of the growth

There are three basic scenarios that can desdrébevolution of
the film morphology upon film growth, as shown iige 5.2:

I. One layer starts forming and the next layer dowd starts until
the previous one is completed. This is called ‘tdyelayer” or
“Frank-Van der Merwe” growth.

Frank-van der Merwe Stranski-Krastanov Vollmer-Weber

|
. B %

— e kol T
1.5 monolayer — —

Figure 1.11Schematic representation of the three different flrowth scenarios.
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li. The deposited material assembles in islandss T& called
“island” or “Vollmer-Weber” growth.

lii. Initially a layer-by-layer growth takes placeshich switches to
an island growth after a critical thickness. Thascalled “layer-plus-
island” or “Stranski-Krastanov” growth.

One of the approaches to explain and predict tiheetldifferent
growth modes was derived by Bauer. [73] from thhe¢hmacroscopic
surface tensions of the involved interfaces, therlayer-vacuum
interface {o), the overlayer-substrate interfagg),(and the substrate-
vacuum interface yf). If the surface tensions fulfill following
condition:

Yo + yi SVS (11)

the system is energetically favoured if the ovextagompletely covers
the surface, consequently leading to a layer-bgdayowth. If this is

not the case, the substrate will be only partietiyered, leading to an
island growth. Stranski-Krastanov growth takes @ldequation (1.1)

is initially fulfilled below a critical thicknesghus following a layer-

by-layer growth behaviour, but only during the gtbwof the first

layers. This growth scenario is often found in hsdpitaxial growth

due to the formation of a strained overlayer. Tinaiis accumulated in
the overlayer can be considered to contributeyit@nd shows a
monotonic increase of energy with increasing fimckness. Thus, at
a critical thickness an unstable situation is redct whichy, + vy, > vs,

and the system switches from layer-by-layer taidlgrowth.

However, these considerations are only applicable i
thermodynamic equilibrium, while film growth intsically implies
being away from equilibrium. Consequently, onlys@systems which
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are close to equilibrium, i.e. high substrate terapge and low
deposition flux, can be properly described by arrioalynamic
approach. To account for growth scenarios arisirgnf systems
further from equilibrium (low substrate temperatirand high
deposition rates), kinetic aspects have to be dersi such as
adsorption, desorption, diffusion or nucleatior,[/5,76] as shown in
Figure 5.2. Each of these processes has differivtadion barriers,
and the final film morphology is determined by thierarchy of their
barriers together with the deposition rate and tsatestemperature. By
optimization of these two easily controllable growiarameters, the
kinetic aspects can be exploited to obtain desiredastable film
morphologies.

desorption  interlayer
T diffusion adsorption

Q nucleation 0 incomoration  intralayer
. tocrystal site  diffusion

—+ 4
Q-0 <Q <O

Figure 1.13. Kinetic processes occurring during fijrowth.

1.3.5 High vacuum deposition

Among the various film growth techniques, high vamudeposition
iIs widely used due to the good control it offerseiothe chemical
purity, the atomically clean substrate and envirentnfilm thickness,
growth rate and substrate temperature. The deposdonsists on
holding the substrate under high-vacuum typicallg®10® mbar
conditions, exposed to a flow of molecules in tlapaur phase. The
molecular flow is generated in so-called Knudsendlscewhich
typically consist of crucibles with a temperatuemsor, surrounded by
a heating filament and a thermal shielding. Theemmaltis put into the
crucible and heated until sublimation takes pla¢e small opening of
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the crucible towards the high vacuum chamber géeera rather
focused molecular flow, which can be blocked byat®r and whose
flux is controlled by the crucible temperature.

1.4 Thesis overview

The aim of part of the work done in this thesis a@ns the

understanding of the nature of the nanostructuhes mechanism by
which spatial correlations emerge and propagatesadength scales in
rotaxanes and the extend to which rotaxane arturecplays a

specific role in the self organisation in the sdidte. The other part is
about the study of quinquethiophenes (unsubstifigadstituted and
modified).

This thesis is organised as follows:

this chapter: a general introduction; chapter 2: $tudy of the Self-
organisation of rotaxanes thin films into spatiallyorrelated
nanostructures; chapter 3: Thickness control ohxanes thin films
grown by spin coating; chapter 4. the study of thscoelastic
properties of rotaxanes thin flms when undergogstallites; chapter
5: FET device performance, morphology and X-raw fiim structure
of unsubstitued and modified Quinquethiophenesa@rendix. At the
end of every chapter we draw a conclusion.
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Chapter 2

Self-Organisation of Rotaxane Thin Films
Into Spatially Correlated Nanostructures.

2.1 Introduction

In this chapterwe investigate the transformation of thin
films of rotaxanes shown in Figure 2.1 cast ontobca
surfaces (highly oriented pyrolitic graphite and caphous
carbon). The transformation of the thin film is ueed either by
heating the samples (below their melting tempeeatwiz
345°C for rotaxand and 360°C for rotaxan® and by solvent
annealing. The evolution vs time of annealing sd&d by
atomic force microscopy (AFM). The first rotaxanehits
more interesting nanostructures than the second;hwhere
investigated by bright field transmission electnmcroscopy
(TEM), and selected area electron diffraction (SAHID.
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Figure 2.1. Structure of the Rotaxah(déft) rotaxane? (right)

This chapter is organized as follows: the detaifs tloe
experiments are given at the “Experimental and oudsh
section; in the “Results section”, we describe tfithe
morphological and structural evolution of the filmpon
annealing, into nanostructures and crystals, aaggnt also the
results of molecular mechanics simulations of ratex 1
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crystallites on the energetic of interconversiamira variety of
surfaces to the minimum energy ones. The chaptendsby a
“discussion and conclusion” section.

2.2 Experimental and methods.

2.2.1 Materials and thin films.

Thin films of Rotaxanel [2] and 2 [3] were used. For
comparison, thin films of the thread or macrocyalene were
also made but they did not give similar resultsinTiims at
different thicknesses ranging from 3 to 35 nm wspen cast
onto different substrates: freshly cleaved highlsiersed
pyrolitic graphite (HOPG ZYH Grade, NT-MDT, Moscow,
Russia) and amorphous carbon films prepared by wmacu
sputtering onto freshly cleaved mica, and nativieasi (for
rotaxane2 only). On all type of substrates at room tempeetu
the thin films were deposited by spin casting (150®) of a
rotaxanel solution in acetone 0,5¢g/l or a rotaxdéhsolutions in
dichloromethane, dimethylformamide, ethanol andawein a
concentration of 0,5g/l. All solvents were of spestopic
grade by Aldrich.

The solution was dispensed as a few droplets ophgea
substrate whose surface was normalized to 25 emen. The
samples were then annealed in a thermostatic aveanriat
progressively longer times. The annealing tempegatvas 90
°C for the rotaxan& and 90, 120 and 160°C for rotaxa?)eso
to be considerably lower than the melting tempeeataf
rotaxane powder. These temperatures were chosendeethey
set a suitable timescale for the AFM experimentsh& end of
each time interval, the sample was removed fromtileemal
bath, brought to room temperature (RT), and obsklwe a
microscopy technique. The morphology of the samples
remained unchanged for a period of several months.

32



2. Self-Organisation of Rotaxane Thin Films into SgatiCorrelated Nanostructures

2.2.2 TEM /SAED experiments

The annealed films of rotaxarfewere transferred to copper
electron microscopy grids (200 mesh). In the cdssamples
deposited on amorphous carbon this transfer waslilyea
performed by a flotation technique [4] In the casesamples
made on HOPG a more indirect method was used tmoffabe
organic thin film from its substrate too thick te transparent to
electrons. We therefore evaporated a thin layeamdrphous
carbon on top of the film, put small drops of palpdic acid
solution (25 % in water, Aldrich) on the zones wamned to
transfer and then peeled off these patches afyergiB-4 hours
at room temperature. The polyacrylic acid patchesrew
subsequently put upside down on a distilled watefase and
left to dissolve. After about 4 hours the self giag carbon
film holding crystals of rotaxané stripped from the original
HOPG substrate were then picked up on the coppbt ditds.
The samples were observed by bright field electniaroscopy
and electron diffraction using a Philips CM12 TEkb(rtesy
of CNRS ICS Strasbourg) fitted with a LaB6 filamesmd
equipped of a CCD camera (Megaview Ill from Sofaimg
System). The accelerating voltage was 120 kV amayder to
minimize the beam damage, we used the low dose wiothe
microscope together with small C2 aperture (30 amgrand
low current (spot 8-9 setting). The selected arésct®n
diffraction patterns were recorded at a 2.50 m dwanhength
using a 10 micron selecting aperture. The experisnarere
carried out at room temperature.

2.2.3 Morphology characterisation

We used an AFM Autoprobe CP Research Park scientifi
instrument at ambient conditions to investigatertisrphology
of the samples prepared on HOPG, and in one cadbeof
sample stripped with amorphous carbon. AFM revedhad
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films were 5-15 nm thick. AFM scans were perfornadthe
same area on samples annealed for different tiszefhat the
local transformation of the thin film could be mtumed always
in the same region. Images were analyzed usingauration
software with the program NIH-Image (NIH, Betheskli®)).

2.2.4 Modelling

MM3 model [5]was used to calculate structure and energy
of surfaces of rotaxan& The force field was developed by
fitting both heats of formation and structural paeders in the
gas phase and in crystals. All the calculationsontep here
were performed using the TINKER package. [6] Thdaae
geometries of the rotaxardiewere optimized starting from the
crystal structure determined by X-ray diffracticatal

2.3 Results
2.3.1 Thermal annealing of rotaxane 1

Figure 2.2 shows the evolution of a thin film otaxanel
upon heating the sample at 90°C. The sequence afam
shows the occurrence of a three-step transformafiprthe
continuous film dewets into an ensemble of hemigpaky
capped droplets; [7] (ii) droplet size grows in eiry ripening
[7d,8] and a characteristic length scale emergesutome of
spatial correlations; [9] (iii) at a later stagenege droplets
transform into crystallites which then grow by dspig
droplets from the surrounding region. At this ladéaige, there
IS no longer a characteristic length scale. Thulse t
crystallization wipes out the spatial correlatioestablished
earlier. The spatial correlations are describednaans of the
height-height correlation functiomy(r) = <((r) - h(0))>>. [9]
Here,h(r) is the topography height for the radial distancand
the average is performed on the azimuthal cooreifd0] In
Figure 2.39(r) is plotted vg for the image sequence shown in
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Figure 2.2. The curves at earlier times exhibitirat flocal
maximum at non zero length scales, and other ma>daraped
in intensity, are observed at integer multiple krgrales.

The position of the first maximum defines the clotgastic
length scale, viz. correlation length, whose evohutvs
annealing time is shown in the inset of Figure 2.2.

It is clear that the characteristic length scalg i(creases
linearly in time as a result of the size/distancerease of the
droplets and then it saturates. In the monotornjicgtbwing
regime, the increasing intensity of the maximumkgeflects
the enhancement of spatial correlations in timeur@gon of
the characteristic length scale,corresponds to the onset of
crystallization via a massive ripening and disappeee of the
droplets in the surroundings of the growing crysg&al The
correspondingy(r) shows an abrupt decrease of the intensity of
the peaks, as the mosaic of droplets disappedevaur of the
crystallites growth.
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Figure 2.2 Evolution of local morphology for a nedie thin film spin-casted at
room temperature and then annealed at 90°C fanea ti (a) t = O min, height
range (black to white) z = 8 nm; (b) t = 2 min, 5+m; (c) t = 10 min, z = 10
nm; (d) t =15 min, z = 12 nm; (e) t = 20 min, 22 nm; (f) t = 90 min, z = 32
nm.

36



2. Self-Organisation of Rotaxane Thin Films into SgatiCorrelated Nanostructures

In Figure 2.4, depletion/incorporation the processef
nucleation and crystallisation via of the droplEtsm the area
surrounding the nucleus are shown. The growing tarys
exhibits the following features: (i) it nucleate® %ince the
early stages, as apparent from the profile (Figuds) where
the lowest layer is 5-6 nm heigh; (ii) edges andhers become
sharper and better defined in time; (iii) the caystxhibits a
layered structure with steps 1.5 = 0.3 nm high.sTValue is
consistent with the interlayer spacing along thalirection
reported for rotaxang crystal (1.39 nm). [11]
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Figure 2.3. Evolution of the height-height corridatfunction extracted from the
AFM images in Figure 2, showing both the increarsd the shift in spatial
correlations (height and position of the first mmauim). Inset shows the
evolution of the correlation length, viz. the pasitof the first maximum.
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®
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Figure 2.4. The rotaxang thin film is annealed at 90°C for 20 min. After
formation of the first nucleus (Figure 1.4b), thgstal grows by capturing the

smaller droplets from the surroundings. Followinge thumbers, we can

understand better the evolution of single nanodatd the recrystalisation (e.g.

following the arrows to see the evolution of dot The figures show the

evolution at annealing time intervatd = 5 min: (a) the film as spin-casted at
room temperature before annealing t = 0, heighggan= 12 nm; (b) t =5 min, z

=18 nm; (c) t =10 min, z = 18 nm; (d) t = 15 mns 19 nm; (e) t = 20 min, z =

20 nm; (f) profile across the black line in (e).

The larger spread, viz. 10°, then largely arisesfithe finite
width of the rotaxanel crystals. The underlying graphite
substrate orients the growth of the rotaxane cihtsta The
texturing is largely the result of the preferentmicleation of
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the crystallites and the larger molecular diffuisivialong
terraces and steps of HOPG. Whether epitaxy, imdeof
commensuration between rotaxane and graphite dajtics
relevant will be addressed in the following subeect

2.3.2 Thermal annealing of rotaxane 2

The transformation of the thin film is induced bgaling the
samples at 90 °C. The evolution vs time of anngabkrstudied
by AFM as we did with rotaxane 1, but the resufigre 2.5)
show that there is no transformation, the tempesateems to
be very low to induce any transformation. The ahifilm with
holes conserves his morphology with the annealmg aaind we
couldn’t obtain crystals. Thus, we decided to iasee the
heating temperature.

Spm |

25pum 4.

Spm |

25umier 25umq |

B
oum [EE8 g

B et = L Opm | it
0 pm 25pum Sum

Opm 25 m

Figure 2.5 Evolution in morphology of the rotaxahthin film annealed at 90°c
respectively at A) 0 min; B) 5 min; C)10 min; D)&%n; E) 20 min.The samples
were prepared from an ethanol solution .

We have increased the heating temperature at 1R20%@xt
experiment. The Figure 2.6 shows the evolution in
morphologies of films. The initial film present lesl after
respectively 5 min, 10 min and 60 min time anneglioan
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observed a small increase of holes but we havegetotrystals
like those of rotaxanel. Since we haven't observed a
considerable transformation from ethanol solution HOPG,
we have thought to change the solvent and/or satbstiVe
have prepared samples from N,N-dimethylformanidé&d@PG
as shown in Figure 5.7. The results are films thablout one
monolayer without change upon annealing at 160°@min.

0.00 ritn

1.5pm
before - Annealing |
annealing ot -_ 120°c-5'

Annealing "**"

120°%-10'

Figure 2.6 AFM images of rotaxa@ehin films annealed at 120°C respectively
at 0 min; 5 min; 10 min; 60 min. The samples wema from an ethanol
solution The images were performed in the same area
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Figure 2.7. AFM images showing a monolayer of rate2 on HOPG a) before
annealing;b) after annealing at 160°C in 90 min. Films resuttssublayers
materials, strongly attached to the substrate.

In view of the experimental results of rotax@hat appears that
the interactions of rotaxan2 with HOPG substrate are very
strong. So we check the native silicon (SifQiCa substrate
technologically relevant to confirm the effect bétsubstrate on
the recrystallisation process. We obtained only mfro
dichroromethane a very thin film, which after 90namnealing
is transformed in very correlated nanodots of abGubm
diameter or height as shown in Figure 2.8 with #fase
coverage up to 90%. The increasing of annealing tas not
show further change.
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Figure 2.8 Evolution in morphology of rotaxa2¢hin film grown on Si/SiQ
substrate) film at room temperature) the film was annealed at 90°C in 90min
and yield in very correlated nanodots of about 6height as the line profile is
showing inc).

2.3.3 Sovent annealing of both rotaxanes

The transformation of rotaxanes thin films can bduce by
exposing the film at a volatile solvent such as@oe.

The Figure 2.9 and 2. 10 shows the results of sblaenealing
of rotaxanel and2 respectively. When thin films of rotaxafe
and2 grown by spin coating were exposed to acetonewapo
for 24 hours rotaxand showed very nice and epitaxially
oriented crystals, whereas rotaxa@ewas transformed in
droplets. This result confirm the strong interactad rotaxane
with the substrate.
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Figure 2.9 AFM images showing the results of saivemealing of rotaxang
thin film on HOPG. A) film from an acetone solutjoat room temperature
before annealing. B) film after 24 hours under agetvapours. The crystal
morphology and texture will be presented in théofeing.

after 24h
|under acetone vapours

Figure 2.10 AFM images showing the evolution in ptarlogies of a rotaxariz
thin film from dichloromethane (0,5g/l) on HORGfilm at room temperature;
b) after 24h under acetone vapours.

Because only rotaxarieyielded crystals, We have investigated
crystals texturing by AFM, TEM and SAED.

2.3.4 Texturing analysis by AFM of rotaxane 1

When crystallisation is completed, droplets havengletely
disappeared and a texture of crystallites on thplgte surface
is formed, as shown in figure 2.11. The angulatrithstion of
the fast growth directions of the rotaxaherystal with respect
to the underlying graphite lattice was measuregdxforming
2D-Fast Fourier Transform (FFT) on AFM images. Frtma
2D-FFT (inset in Figure 2.11) it appears that thaimm
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alignment directions of the rotaxardecrystals form roughly
120° angles among themselves. An estimate of tlgalan
spread in the three directions from the 2D-FFT comet to
about 10°, so the angles between the directiong-plane
orientation of rotaxané crystals are 120° + 10°. The average
domain size in HOPG substrate used (grade Z) i40un53,
which matches the typical AFM image size as in FegR.5.
Mosaicity of HOPG used is 3.5 + 1.5, which sets linger
intrinsic limit on the spread of the angular disiion of
rotaxanel crystal on HOPG

Figure 2.11. AFM image of rotaxardecrystallites on HOPG showing orientation
along three directions. Step edges of HOPG arevadgae. Inset shows 2D-FFT
of the image exhibiting a 6-fold angular symmetry.

2.3.5 Structural investigation by TEM and SAED.

The annealed samples of rotaxdneere transferred from
the graphite substrate to a copper grid coated antlorphous
carbon or were prepared directly by casting ancealnmgy on
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amorphous carbon thin films for TEM investigatio®sgure
2.12a shows a bright field image of 1 depositedismropic
amorphous carbon. Large lamellae coexist togethdr l@ss
defined droplets, which are largely inter-connectestge area
bright field TEM images show the same type of moipbies
as those observed with AFM. Upon closer examinatibn
appears that these smaller objects show straighese@nd
indeed bear similarity to the larger lamellar cajst One
should also note that it is possible to identifyga domains
where neighbouring objects share a common in-plane
orientation. Moreover, at an initial stage of tlealescence of
droplets, a pre-transitional state is observedh witoplets
assuming shapes with sharp corners. The droplegsrigie to a
connected network which evolves into platelet algssuch as
that shown in Figure 2.12b at larger magnificatiorhe
corresponding SAED pattern is shown in Figure 2.1Pe
indexation was assigned on the basis of the bulkstalr
structure parameters of 1.15.

¥
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é@. S "pﬁ
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Figure 2.12 (a) Bright field image of annealed thilim of rotaxanel spin cast on
amorphous carbon. (b) Larger magnification imaga single crystal of rotaxane
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1 grown on amorphous carbon. The facets were indéwed SAED pattern (c).
(c) SAED diffraction pattern of the single crysital(b). This set of indices leads
to assigning the (010) as the basal plane of taxaoel crystal.

The observed diffractions are of (hOl) type andrefme the
contact plane of this platelet crystals with thesttate has been
indexed as (010). The bounding facets corresportdirige fast
growth directions are (102) and (-101). On HOPG, thystal
indexing has been done based on the structuraltseby
TEM/SAED and comparison of the measurements frolMAF
Images with the expected angles from the rotaxasteutture.

On HOPG, angles of 125°, 121°, and 59° were ofteserved

in rotaxanel crystals. These values match the 121° angle
between (301) and (-101). Thus, (-101), (102), @®d) facets
are found, in some cases also (-10-1) which area®d to be
at 85° from (-101). From the representative AFM geeof
rotaxanel on graphite (Figure 2.13), we infer from the aspec
ratio of the crystals that (101) and (301) are déiagirowing
facets than (-101). The (301) facets appear pinteedhe
graphite steps. This suggests that graphite sidp=s @romote
nucleation of this facet, and hence the crystalvgrstarting
from there, or they stop the growth of the (301¢eit reaches
the edge. This relationship between crystallogm@olvections

of rotaxanel crystals and graphite is sufficient to explain the
orientation at 60° and 120° of the rotaxaherystals as in
Figure 2.13.
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0 pm 5um 5 pm
Figure 2.13. Indexation of rotaxafierystals on HOPG

2.3.6 Energetics of rotaxane Surfaces.

In an effort to obtain further insight into the faae
properties of rotaxan&, a computational investigation of the
structures and the energy of nine surfaces chaizstieby low
values of Miller indices were performed. Recenbgth short
time (sub-picosecond), harmonic, and long time (iap
microsecond), large-amplitude, dynamics of this dkiof
systems were studied [12] with the MM3 model [13]iehh has
become the method of choice to treat these systdims.
method also reproduces rotational barriers anecstaergies in
cyclic and cage structures. Importantly, for thesent purpose,
MM3 also includes specific interatomic nonbondedepbal
energy functions that allow for a quantitative tre@nt of Van
der Waals and electrostatic interactions which glayessential
role in hydrogen bonding and in ther interactions between
aromatic rings. The Figure 2.14a shows the rotax&ne
molecular orientation in the wunit cell as from the
crystallographic coordinates. It's clear that, e famellae, the
molecules of rotaxan& are standing with the thread almost
perpendicular to the substrate. This orientatiosulte in a
contact plane made of an almost hexagonal 2D dattigpphenyl
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end groups edge on the graphite surface, as showagure
2.14b,c. The in-plane parameters of therystal area = 1.057
nm andc = 1.075 nm, forming an angpe= 115.25°. The results
of the geometry optimization are shown in Figur® and
summarized in Table 2.1. By inspection, we notioed points
about the (010) surface:

I. This surface is the second most stable of the sesfa
examined. The stability vouches for (010) as a iptesdinal
product of the transformations induced by an esern
perturbation, which can be a mechanical one (AFY), ta
thermal one or by solvent annealing.

ii. The lattice parameters of the (010) surface ardinvit
19% misfit respect to lattice parameter of graphiténe
additional role of the graphite may indeed be tthier stabilize
the (010) surface with respect to other minimumrgynéacets
by epitaxy.

lii. The packing of the rotaxane in the (010) surfacellte
in some of the strongest interaction energies batvegther one
of the two interlocked molecules (i.e., macrocyolethread)
and the surrounding environment.

When these interactions are small, one can expet the

surface is easily modified either by a scanning AtiMor by

other external stimuli such as temperature. Wheasdh
interactions are large, the molecules are strohglg in place

by their neighbours. Even, if this surface is fodni therefore

appears to be more difficult to disrupt compare diher

surfaces.

In short, (010) appears as the best compromiseahrfinal

product of the transformation since it forfeitsnaadl amount of
surface energy, it has large interactions of ring dumbbell
with the nearby molecules, and its lattice parametee close
to those of graphite.
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Table 2.1. Optimized Surface Energi§s, m?), of Rotaxand®

Surface 'y Emacro  |[Ethreas | SAS SR

100 0.0516 10.83 | 10.97 381.07 1.29
010 0.0910 13.21 | 9.19 182.53 1.78
001 0.0933 1460 | 13.45 375.54 1.28
011 0.1679 8.00 441 582.93 1.85
101 0.1799 6.49 6.34 635.19 1.56
110 0.1607 9.64 7.07 501.60 1.59
111 0.3421 4.75 3.57 673.09 1.58
012 0.1712 8.49 7.19 637.10 1.78
210 0.1408 9.76 7.49 620.53 1.71

# Emacro @and Eneagare the sum of interactions of each of the two paments of
the rotaxane with the surrounding molecules. Théasa accessible area, SAS
(A? cel™), is the size of the corrugated surface. The sarfatio, SR, is given by
the SAS divided by the area of the parallelograawspby the lattice axes.
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Figure 2. 14 (a) Orientation of rotaxahén the unit cell; (b)-(c) contact plane of
rotaxanel on the hexagonal 2D graphite lattice.

49



2. Self-Organisation of Rotatane Thin Film into tgley Correlated Nanostructures

) (001} surface

% f‘%
935 “r‘f -;%:: :
1

d) (D1 1) surface (e {101} surface (01 00N swrface

(2) (111) surface {h) (012} surface (i} (2100 surface

Figure 2.15 Optimised surface structures of rotexarThe thread atoms are in
yellow, while the macrocycle atoms are in blue esdi

2.4 Discussion and conclusions.

The dewetting of rotaxane thin films is the firshge of a
complex process leading in the steady state tortetallization
of the material. At the early stages, thermallyuiced dewetting
or solvent annealing is the result of either nucdea and
growth of holes in some instances or a spinodalheai@sm in
others. The droplets are formed by either one edelpaths, the
following evolution leads to the process describedthis
chapter. At a later stage some droplets nucle&abecnystallites
and the latter grow by incorporation of the surming droplets
until these disappear. The coarsening or coalescaindroplets
by Ostwald ripening like mechanism introduces tipatial
correlations from the mesoscopic to microscopigtlerscales.
We do not know whether these droplets undergoipgning
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are crystalline, polymorphic, or amorphous. At latages, we
observe that individual droplets undergo a restimation at the
surface and possibly internally to give rise tobkanuclei.
Ripening is a universal phenomenon, observed inyman
different systems, from water to metals, polymedloids, and
liquid crystals. In the case of rotaxanes, theruessration of
the individual droplets by minimum energy pathwalgs
crystallization involves collective motion of theaorocycles
with respect to the threads.

The activation energy of this small amplitude motio
depends on the detailed hydrogen bond motif inrtie@xanes.
Therefore, the onset of crystallization is a fumetiof the
specific rotaxanes via the energy barriers forntodions in the
solid state and can be controlled by design.

On both amorphous carbon and HOPG we have obsénatd
rotaxanel crystallises from solution mainly in the form afge

lamellae having the same crystal structure asdhd#be bulk.

On both substrates the contact plane of theseatsys the

dense (010) plane where the terminal benzene (stgppers)

of the thread are oriented almost normal to th&asar

The lamellae facets are indexed as very denseatmpisines
and the aspect ratio is in agreement with surfacergy
evaluation from molecular mechanics simulation. Tdmellae
exhibit a common orientation over large areas. @PB a 3-
fold symmetry of the crystals orientation revealsstaong
influence of the substrate on the nucleation affdsion.

The occurrence of epitaxy at the molecular scalenctbe
either proven or ruled out here since our attenptperform
high-resolution STM on rotaxane ultrathin films ao/stals
did not provide conclusive evidence of the arrang@nof the
rotaxane molecules relative to the HOPG mesh. Alsowere
not able to obtain diffraction patterns of the stals directly
on their substrate since no sample was thin endogmable
electron transmission. The exact epitaxial condgi@nd the
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relative orientation of rotaxarfecrystals with respect to HOPG
could thus not be determined. Nevertheless, itasttwnoting
that the 2D periodicity of the (001) plane of HORSGvery
close to the one of the (010) contact plane of lthohigh true
2D epitaxy is not realized, it is often observedtithe matching
of periodicity along a single direction is suffioteto lead to
perfect orientation of the overgrown rotaxane layeepitaxy
were relevant, it is worth highlighting that it doeot favour the
development of a new crystalline polymorph nor ohew
contact plane. The bulk structure and the (01O0Yamirplane
are thus apparently the most stable ones in thalitmms
explored.

The transformation of rotaxanes thin films into fsel
organized spatially correlated nanostructures uaotihermal
perturbation and solvent annealing has been irgadstil using
atomic force microscopy, bright field transmissiefectron
microscopy, selected area electron diffraction, amaecular
mechanics simulations. The evolution follows a ctaxppath,
where the film first dewets from the substrateanf nanosized
droplets whose ripening gives rise to spatially related
motives. In a later stage, the larger droplets eatel and
coalesce into crystallites that further grow indoger crystals
by incorporating the surrounding droplets. Our ltssshow that
() the self-organized nanostructures representtastable state
of a crystallization process, (i) spatial correlat emerge
during ripening, but they are destroyed as stahielen are
formed and crystallization proceeds to completiand (iii)
crystallization, either on graphite or amorphousgboa films,
leads to a precise basal plane, viz. (010), whieh minimum
surface energy. The rotaxane architecture andstibstrate
favour the reorganisation and nucleation of tha fih the solid
state. Low-energy trajectories leading to cryd&sliwith stable
surfaces and minimum energy contact plane are fooirdcur
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via concerted, small amplitude, internal motionsthawut
disruption of packing and intermolecular contacts.

These features combine to make rotaxanes an exyreme
interesting system for the investigation of seljamization
across length scales, and therefore for devising pegtterning
strategies based on the control of spontaneoushsicgles.
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Chapter 3

Thickness control of rotaxane thin films
grown by spin coating.

3.1 Introduction

In the chapter 1 we found that the transformatiba thin film
into spatially correlated nanostructures of rotaxandepends only
on the film thickness. It is important to know tlexact film
thickness in order to get an accurate control eflémgth scale of
the nanostructures obtained after the stimulus. Wgnseveral
techniques for preparing thin films from solutiadrdp casting, dip
coating, flow coating, thermal spray coating, spimating), we
chose the spin coating because it is simple aridsyleomogeneous
films also across large areas. Research in reeamsyhas extended
the scope of spin coating by chemically engineetigginterface of
support and solution in order to achieve also $gestructural
order in the resulting thin films. The importandespin coating is
manifested by his widespread use in science andsind The
technique is used in various applications such aatirg of
photoresist on silicon wafers, sensors, protectieating, paint
coating, optical coating, membranes, actuatorsfangeveral other
applications. The most widespread use of spin w@Qais in
microelectronics applications. The technique caadld¢o very
uniform films of well controlled thickness.

This chapter describes the casting of rotaxane fihms and the
method to access it quantitatively. [1]
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3.2 Theory of spin coating

The deposition of a viscous fluid on a horizonw@tating disc
produces a uniform liquid film. During depositiomet disc should
either be static or be rotating at a low anguldoaity, whereas
after the deposition of a volume of solution, thecdis rapidly
accelerated to a higher angular velocity (spin dpeehe adhesive
forces at the liquid/substrate interface and thetrifagal forces
acting on the rotating liquid result in the shegriof the liquid
which causes a radial flow. In Figure 3.1 the pssas illustrated.

Most of the material solution is rapidly ejectednr the disc.
This process combined with the subsequent evaparaif the
liquid causes the thickness of the remaining lidurd to decrease.
For a solution,e.g. a polymer solution, the evaporation process
causes the solute concentration to increase addesothe viscosity
at the liquid/vapor interface. After total evaparatof the solvent,
an uniform solid film is obtained. [1]

Airflow

Radial
liquid flow

Radial
liquid flow

Disk E_\ ___/__J> film

Angular velocity

Figure 3.1. Schematic of the spin-coating process.
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When the disk is static during the deposition,ftime formation
occurs in three steps: deposition, drainage of idigand
evaporation. In Figure 3.2 is shown the instrumevegshave used.
After the solution deposition the substrate is sptirthe desired
angular velocity and the liquid spreads on theamaf The excess
liquid is drained off by the centrifugal force. Afta short time,
thinning by drainage stops and evaporation takes. &pin coating
produce films with a typical thickness from one mlayer of
material to several um. It can give very homogesefilms with
less than 5% thickness variation over areas lahger 100crh

ngsition
QIJ

Spinning
T~

?

Evaporation

Figure 3.2 Schematic of the spin coater used @eift) the 3 steps of a spin coating
process (right).

3.3 Model of the spinning process

The mechanism of spin coating is complex, due ® nion
equilibrium conditions and the fast time compam@the time scales
of growth. It is not straightforward to model theopess, and
therefore it's not surprising that many assumptioasd
approximations has been applied when attemptingnaalel the
process. [2-8] Emslie et.gR] were the first to describe the spin-
coating process theoretically. They assumed a Neartdoehaviour
of the fluid (.e. a linear relationship between shear stress aral she
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rate). Coriolis forces, gravitational gradients el as spatial and
temporal variations in concentration, viscosity amertical
diffusivity were all neglected. In spite of theserude
approximations, theyould make generalized predictions of the
flow pattern and the thickness of the resultingnfilLater studies
accounted for these neglected parameters resutirgignificant
improvement of the model to yield a better agrednwith the
experimental observations. [10-14]

A great amount of experimental work described ia literature
deals with deducing empirical correlations betwesperimental
parameters and film thickness [4, 5,8,15,16-22]slknown that
angular velocity, solution viscosity and solutioomncentration,
significantly affect the film thickness, whereas tiate at which one
film is deposited, the history of rotational accateon prior to the
final acceleration, and the total spin time haveieh@r limited
effects.

3.3.1 Angular velocity, concentration and viscosity

In a solution, concentration and viscosity are teglaand in
general, viscosity increases with concentration.e Tangular
velocity of the disc in the spin coating processd athe
concentration (or viscosity) have been correlatedthie film
thickness [13,14]. The relationship is schematycsitiown in Figure
3.3. This generalised correlation is a widely obsdrexperimental
result, which is phenomenologically expressed as:

By 2K oo, (3.1)

where his the film thicknessw is the angular velocity, while;k
and 3 are empirically determined constants. Figure h@as that
film thickness decreases with angular velocity amfeases with
concentration. The constants; land B depend the physical
properties of the material, substrate, on matsobiént

58



3. Thickness control of rotaxane thin films grownspin coating

interactions, on solution/substrate interactiond also rheological
properties. The viscosityn, is, amongst other parameters,
incorporated in the constakt

Film thickness

C, >0, >, Cs

T T rogrerp  F T FTOEOET F T RTITETO)

Angular velocity
Figure 3.3 Schematic of the relation between fihitkness, angular velocity and

concentration (¢ in a spin-coating process (logarithm scale). Baene relation
applies for viscosity.

Egn. (1) can thus be expanded to eqgn. (3.2).[20
hy =Kyp,'0’ (3.2)

The exponent,y, of the initial solution viscosity is typically
observed to be in the range 0.29 — 0.39 for polyswutions
[4,17,18,20]. Spanglezt al[20] used the expression given by eqn.
(3.2) and found the exponentsand 3 to be fairly independent of
the material/solvent systems studied. However,pttoportionality
coefficient, k;, varied significantly. It was suggested that
information about the material/solvent interactiorss possibly
incorporated irk; (eqn. 3.2).

3.3.2 Solvent evaporation and solute diffusivity.

In early attempts to model the spin-coating pro¢hsssolvent
evaporation was neglected, [2-8] which led to medeht were less
consistent with experimental observations compé&radore recent
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models that incorporate a wider range of paramef@r$4] Solvent
evaporation changes the physical and thus theobeal properties
of the solution during the coating process, esfigafithe latent
heat of evaporation of the solvent is large. Ttas decrease the
temperature (chilling) causing the solution projesrtto change
(e.g.solvent volatility) and induce non-Newtonian beloav such
as elasticity and shear thinning. Chen [18] hadistuthe effect of
solvent evaporation on spin-coating of polymer sohs. The
effect of heat transfer in addition to momentunmsfar (fluid flow)
and mass transfer (solvent evaporation) was indludde film
thickness was quantitatively correlated with théatree rate of
solvent evaporation, the solution viscosity, anel dngular velocity
for a variety of solvents with significantly diffemt volatility.
Lawrence [14Ekhallenged the conclusions made by Chen including
solute diffusivity. Meyerhofer [2] found the visetys of many
solutions that he studied to be a power law fumctaf the
concentration.

Many works described in the literature qualitatyweklate
polymer film thickness with the volatility of theolsent. [18,20]
Highly volatile solvents vyield thicker films at aivgn polymer
concentration and initial viscosity compared to loxelatility
solvents.

To determine the most suitable model for represgrttie thickness
of our spin coated rotaxane thin films we assunag tine solution
acetone-rotaxane behaves as a newtonian fluide(sirecacetone is
highly volatile) and the rotaxane film thicknesdbta power law of
the concentration and spin speed. We estimate thpirieal
parameters and then compare them with those fouligiature.
We have considered the phenomenological equd®n:

h, =K,C%«’ (3.3)

wherehis the film thickness in nanometer; i, andp are constant
depending on the system (acetone — rotaxane) anelxierimental
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conditions;o is the spinning speed (in revolutions per miny i
initial concentration of the solution (in g/l). Ithis work we
measure the film thickness with AFM changing systeocally, the
concentration and the spinning speed.

3.4 Experimental section

Thin films were prepared by spin coating using higbyrolitic

graphite (HOPG). The area of HOPG is always 10mrhO¥im.
The thickness was measured by scraping the filnobtlie surface
with an AFM tip operated in contact mode and apgya sufficient
force (2-5nN). Subsequently, we imaged in non cdntode a
large area including the scraped area. From arlipedile on the
topography image, we get the thickness of our sasnffligure 3.3).
For every sample we have measured the thickneesiatifferent
area and found the values very similar in one saniis confirms
the homogeneity in thickness. We have investigéitesl samples
for each single parameter. The topography imagedghafr areas of
the same sample show that films are homogeneogsré-38.4).
We have studied the effect of the change in comagon at (1000,
1500, 2000, 3000) rpm respectively and consequesithnge in
spinning speed at concentration (0,166; 0,25; @®,B; 1) g/l. The
volume of material cast every time is constant #wedspinning time
10s. During all the experiments the relative hutgidand the
temperature were controlled and kept constant.
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Figure 3.3 AFM images enclosing the scraped aréaaviine AB (left) whose profile
is shown in the right image. The difference betwiéenaverage height on the regions
A and B gives film thickness b AZxg =~ 3nm.

Figure 3.4 AFM topography image showing the typicabrphology of a sample
obtained for state the spin conditiofitie film is rather homogeneous with a thickness
of 3+ 0,3nm and ar.m.s. around 1 nm.

3.5 Results and discussion

In Figure 3.5 film thickness;hs plotted vs spin speead, while in
Figure 3.6 his plotted vs concentration {CThe results show that
the film thickness decreases by decreasing thealingolution
concentration or by increasing the spinning speeg@radicted by
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the models. The parametets and B were calculated plotting
thickness vs the concentration and then vs thensmnspeed on
logarithm scale. We have extracted four valuea shown in table
3.1 and six values df shown in table 3.2, then we have taken the
mean of each series & 0,61andp = - 0,17) as representative
results. The values were normalised to K sincendlases solvent
and substrate physical parameters.

. = 0,085/
Q A 0,1669/
0,259/l
E 149 % 0,59/l
~ > 0,759/
T 19/l
— _
% 10 B ?
o %
~ &1 | % L
(&)
=R ¥ %
< _ *
£ 4 t
o 2 % [] '
0 T T T T T T T T T
1000 1500 . 20_00 2500 3000
Spinning speed (W(rpm))

Figure 3.5 Dependence of film thickness vs spinsipeed at five concentrations.
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Figure 3.6 Dependence of film thickness vs inttedhxane concentration at four
spinning speeds
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S
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Figure 3.7 Log-Log plot of film thickness versusncentration for one speed
(2000rpm), gives value af ( 0,614).
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101

Log(h,)

Log(w)

Figure 3.8 Log-Log plot of film thickness vs spingispeed gives one valuefof-
0.33963)

Table 3.1
Concentration B Error
0,085 -0,11 +0,21
0,166 -0,07 +0,12
0,25 -0,15 +0,20
0,5 -0,34 +0,12
0,75 -0,11 +0,19
1 -0,02 +0,25
Mean value -0,17 + 0,57
Table 3.2
Rpm o Error
1000 0,55 +0,09
1500 0,64 + 0,05
2000 0,62 +0,04
3000 0,50 + 0,08
Mean value 0,61 + 0,03
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Thickness h; =f(w)g(C)
(nm)/K Concentration
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Figure 3.9-Thickness normalized vs spinning spegdcancentration.

3.6 Conclusion

We have calculated the empirical parameter® 61 and3 = -
0,17) that allows us to estimate the thicknesshefrbtaxane thin
film from an acetone solution. The graphs normdlisg the
thickness versus concentration and versus spirdspéxased on the
equations of Emslie and co-workers using the vatifggarameters
that we have calculated. The curves show the sapm tas
Meyerhofer found for photoresists thin films [68we assume the
solutions are very diluted. The outcome of the smiating process
iIs not only influenced by the angular velocity atie physical
properties of the solution, but, in addition, app@dher sensitive to
parameters such as temperature, relative humidty thermal
surroundings for the evaporating solvent (heatsfie). Thus in
order to perform systematic studies or reprodudexeme thin
films, it is necessary to control a broad set oferafonal
parameters.
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4. Viscoelastic properties of rotaxanes

Chapter 4

Viscoelastic properties of rotaxanes

4.1 Introduction

The variation of the viscoelastic properties as filbas dewet
may also provide insight into the phenomenon ofeténg of these
films. The material properties of samples can bestigated with
AFM force microscopy by the force distance curvgsdiating the
applied force to the depth of indentation as thegipushed against
the sample. [1-5] In this chapter, we report theestigation by
Atomic Force Microscopy (AFM) of the force curvestWeen the
tip and the rotaxane nanostructures. The aim isnéasure the
adhesion force and the surface energy of thin fibmsing the
transformation that ultimately leads to rotaxanmgstellites.

4.2 Forcesin AFM

The knowledge of the forces acting between theahp the
sample is the basis of any quantitative analysis A§iM
measurement. [6-8] In addition to the topographgasurements,
the AFM can also provide much more informatiorcdh record the
amount of force sensed by the cantilever as thieeptip is brought
close to, or even indented into a sample surfacd,then pulled
away. In Figure 4.1, examples of AFM force curvad #e force
law to interpret them are shown. This force mode lba used to
measure the long range attractive or repulsiveetoioetween the
probe tip and the sample surface and to extraotnmdtion on local
chemical and mechanical properties like adhesitastieity and
even thickness of adsorbed molecular layers, bapture lengths.
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Force curves (force-versus-distance curve) typicahow the

deflection of the free end of the AFM cantilevertlas fixed end of
the cantilever is brought vertically towards andrttaway from the
sample surface. Experimentally, this is done byhapg a triangle-

wave voltage pattern to the electrodes for theig-aganner. This
causes the scanner to expand and then contradteirvdrtical

direction, generating relative motion between tlaatilever and

sample. The deflection of the free end of the tawer is measured
and plotted at many points as the z-axis scanniends the towards
the surface and then retracts back. By controtiregamplitude and
frequency of the triangle-wave voltage pattern, riagearcher can
vary the distance and speed that the AFM cantiléneitravels

during the force measurement. Measurements of |eaeti

amplitude and/or phase versus separation can @owbre

information about the details of magnetic and eledields over

surfaces and also provide information about visxsiel properties
of sample surfaces.

Interaction forces play a very important rule in M\Amaging.
There are three different types of interaction ésrthat have to be
considered:

A) force between the tip and the supporting surface.
B) force between the tip and the molecules of ouraste
C) force between the molecules and the supportingseirf

However, to separate the contributions of theseraations forces
in the overall interaction force is often difficuMVe have acquired
forces —distance curves prior to the measuremamiswae have
adjusted load to be small as possible in orderototan deform the
sample under the tip.
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Approach Retraction
a van der Waals | & Adhesion
b Electrostatic f Capillary force
41:lq}.(5ﬂ05 Iy
% ADy= ———e g F= 4nAy.cost
¢ Brush | g Polymer extension
&iﬂ =
=
d Elastic h Binding
| =KTI
: Fo YU=kTIn(tt)
A
FRITYTETT
Definitions
A Hamaker constant T Absolute temperature A Characteristic length of bond
a  Monomer length U Bond energy 4 Debye length of the medium
D Probe-sample separation distance x  Elongaticn of polymer &  Angle related to the geometry of
E  Elastic modulus the tip—sample contact e
k  Boltzmann's constant & Indemtation depth of Surface-charge density of sphere 2
L Brush thickness in a good solvent £ [Dielectric of the meadium oz Surlace-charge density of sample E
L*  Inverse Langevin function v Surface energy between tip t  Period over which the bond will %
N Number of units in polymer and sample rupture ‘;‘
R Radius of probe sphere Y. Surface energy of the liguid 1, Reciprocal of the natural bond 2
s Mean distance between polymars v Poisson ratio frequency é

Figure 4.1 Examples of atomic force microscope (AH®fce curves and the
force laws used to interpret thera) @n ideal, attractive, van der Waals force in the
absence of other forced)(Repulsive electrostatic double-layer force inusoh (c)
Polymer-brushing forces that result from the thélyndriven motion of polymers
grafted onto a solid surface in solutiod) (ndentation curve on an elastic samp&; (
Adhesion between a sphere and a plane in the absénmontaminating adsorbates
(typically in a vacuum).fj Capillary adhesion, results from the formationaofvater
bridge between the tip and samplg) Polymer-extension force curves show a
characteristic negative deflection far from thefate and a jump back to zero
deflection as the polymer breaks or detaches from of the surfacesh) The
unbinding of specific receptor—ligand pairs somesnproduces a stepwise return to
zero deflection from the point of maximal adhesi@udapted from [8])
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4.3 Force Curves measurements

A plot of a force interaction between the tip mathton a
cantilever beam and the substrate as a functionthef Z
displacement constitutes a force curve The forceec@(Z) Vs 4 is
given by Hooke’s law

F, =KOAZ

Z is the piezo displacememtZ is the deflection of the cantileve,
the spring constant defection of the cantileveriargdassumed that
A (Z—x)=0

Forces-distance curves provide information on r&pal
attraction and adhesion between the tip and thelgasurface. In
Figure 4.1, at left we illustrated a force-curveasi@ement and at
right, the movements of the tip and deformatiorthed cantilever
during a measurement. In the following, we will ggat how to
extract information from the force-curve.

a .
Contact mode AFM — Cantil ever

Dotted line indicates imaging force Surface —

Force (ni)

12
-16 4

Adhesion force

-500 0 500 1000 1500
Tip-sample separation (nm)

b
T
C
M
d
P
c
—
4
f
—
"
Ty

Figure 4.2 lllustration of a force-curve plot.
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‘a’ The piezo extends; the tip approaches the surdackethere is
no contact with the surface yet. In this regionthé cantilever
feels a long-range attractive (or repulsive) foitcevill deflect
downwards (or upwards) before making contact wiklie t
surface.

‘b’ as the probe tip is brought closer to the surf#cmay “jump to
contact” if the gradient of attractive force frorhet sample
exceeds the spring constant of the cantilever. Tiap to
contact” force represents the maximum attractiveefdhat can
be probed.

‘c’ Once the tip is in contact with the surface, tamtilever will
deflect upwards as it is pushed closer towardsstraple this
region is dominated by repulsive forces. If the tibawer is
sufficiently stiff, the probe tip may indent intet surface at this
point. The slope or shape of the contact part effdice curve
provides information about the compliancég the sample
surface.

‘d’ Piezo retracts; first repulsive forces are de@d#asnd the
cantilever relaxes downward. As the “zero” forgeelis crossed,
the attractive forces become dominant, bendingctmilever
downwards.

‘e’ The cantilever bends downwards as the surfacactitin holds
into the tip.

‘" As the tip continues its ascend, it finally brediee of surface
attraction due to adhesion force and the cantilgwemps out
abruptly from the contact as the maximum adhesmef is
reached.

A key measurement of the AFM force curve is thenpai which
the adhesion is broken and the cantilever comes fiem the
surface. This jump in deflection is the rupturectorequired to
break the bond between tip and sampladiresion force
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4.4 Theoretical considerations
Adhesion forces between solids particles: JKR thegr

One of the first attempts at a rigorous theoretiecsdtment of the
adhesion of elastic spheres is due to Johnson,&flesmad Roberts,
whose theory, “JKR theory” [9] forms the basis afdern theories
of adhesion mechanics. JKR theory states that a&l&stic spheres
whose radii are Rand R are pressed together under an external
load force F, the radius of their area of contagiven by:

a® =§x\/ [F +37RW, + (67RW,,F + G7RW,)?)| 4.1
where
R=_R 4.2
R +R,

W3, is the surface energy per unit area
4
K =27k, +k.) 4.3

with ki, k, elastic constants of the two spheres
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Cantilever
.

Sample

Figure 4.3 Schematic representation of the tip#eaatr system in AFM

For a sphere (tip) on a flat surface of the samtenad, (R=w»)

thenR=R
Under zero external load force F = 0, the contadius is gaand

given by
aozs(M) = 3% 4.4
V'K K
where

12 is Surface energy

The solids still adhere under negative load (F <ul at some
critical force and the surface suddenly jump apart.

For a sphere on a flat surface this “pull-off” fens given by

Fan = —37/3,R
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and the separation occurs abruptly once the cordduts reaches
a=ag/4"= 0,63a (4.5)

4.5 Experimental section

The samples wer@repared by spin coating of 20ml of the
rotaxanel 0,5g/l in acetone, spun at 1500 rpm for 15s. The
substrate is fresly cleaved highly oriented pyioligraphite
(HOPG) 10 mm X 10 mm, cleaned by exfoliation.

The topography was first investigated every timeA#M in non
contact mode and the we switched to contact modeparformed
the force-distance curves measurements. Upon anggedhe
measurements were repeated successively. Theveelatimidity
during the whole experiment was kept at 46%.

The radius of the tip measured by a scanning relechicroscopy
(SEM) was foundo be 75nm. They is no specific preparation for
the tip but we need to calibrate it before starthgmeasurements .

4.6 Results and discussion

In this experiment the films recrystallise by twiffetent routes:
1) Nucleation and growth of holes
2) Ostwald ripening.

We performed the measurements in the two situateoms$ the
results are presented here.

4.6.1 Recrystallisation by nucleation and growth of holes

In Figure 4.5 we report a plot of the evolutiontbé surface
energy during the recrystallisation process as iodta by the
measurements of the adhesion force. The eneynizst constant
during the whole experiment. The error bars arg lemge and this
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could due to the fact that we performed experimanair. The
initial film presents small holes that grow withetiannealing time

(90°C). Figure 4.6. shows the AFM images of the @Eam
investigated.

0,55
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o o ©
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a o o
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Figure 4.5 Plot of the variation of the surfacerggeof rotaxanel thin film with the

annealing time according to nucleation and growithales mechanism as shown in
figure 4.6..

Figure 4.6 AFM images showing the morphology of fi@s during the annealing
process .The corresponding adhesion force wasqugyi shown in figure 4.5. The
images show a dewetting by nucleation and growtmotés. The initial film thickness

is around 25nm. Up to 50 min annealing time, theyeano morphological changes on
the topographic images.
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4.6.2 Recrystallisation by Ostwald ripening

We observed that the films dewet and recrystalgedstwald
ripening mechanism as already shown in chaptehe fitm first
dewets from the substrate to form nanosized dreplehose
ripening gives rise to spatially correlated motivesa later stage,
the larger droplets nucleate and coalesce intdaihyss that further
grow into larger crystals by incorporating the sunding droplets.

We have extracted the adhesion force of the namcaod the
crystal in every sample after many annealing timéervals
throughout the whole experiment. The adhesion forcenergy of
the nanodots turns out to be higher than that efcilystals. This
confirms the stability of the crystal which is grogy at the expense
of the nanodots. Figure 4.7 shows the trend ofstivéace energy
during the annealing process and the correspondorgphology of
the samples (viz AFM) is shown figure 4.8.

0,10

®  Nanodots
} ® Crystal

] ¢
_ o %
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Surface Energy (J/mz)
H— @

0,02 T T T T T T T T T T
0 5 10 15 20 25

Annealing time (min)

Figure 4.7 plot showing the variation of the sugfanergy of the rotaxarfewith the
annealing, according to the Oswald ripening medmanas shown in Figure 4.8.
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Figure 4.8 AFM image showing the topography of Hamples. In this case the
recrystallization occurs by Ostwald ripening. Tloeresponding surface energy versus

annealing time was shown previously in figure 4.7.

4.6.3 Comparison of Surface Energies by three metts

We have compared the surface energy obtained byguneg
the adhesion force with an AFM with those givencbynputational
investigation reported in the chapter 2 and by acintangle
measurements, performed before the annealing dfilthe. These

values are summarized in the table 4.1.

Table 4.1
Computational By
By AFM investigations Contact
angle
Surface
Energy Nucleation C_)stw_ald
(J/n12) and growth of| ripening 111 100 010
holes (route 2) 0,025
(route 1)
0,260+0,051 | 0,080+0.021| 0,342 | 0,052 | 0,091
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4.7 Conclusions

AFM has been used to investigate viscoelastic ptigse of
rotaxanes.

The surface energy of rotaxane thin films via naté:n and
growth of holes exhibits significant variations iasindergoes the
transformation from film to crystals under the u#hce of
temperature. The energy landscape for route 1 ige momplex
compared to route 2. Also, the energies are anr @mdmagnitude
higher for route 1. For route 2, the droplets hairghtly higher
energy than crystallites, but eventually both atthe same energy.
This may indicate that droplets in time crystalligee timescale of
this crystallisation depends on the droplets siklee measured
values of surface energy compare well with thoseinbd from
molecular mechanics simulations and contact angigsorements.
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Chapter 5

FET device performance, morphology and
X-ray thin film structure of unsubstituted
and modified Quinquethiophenes

5.1 Introduction

Few years ago, it has been demonstrated thatdféddt transistors
(FET) fabricated with thiophene oligomers [1,2] aaach charge
carrier mobility values in the order of 1 x3@nf/V s andlo/lon
ratios in the order of £810°, which are in the range of the best
values obtained so far with organic materials, wh&ng pentacene
thin films [3] as the active semiconductor layeddthough early
measurements on oligothiophenes indicated thatgehaarrier
mobilities should increase on increasing the oligorsize, [4,5]
more recent experimental evidence indicates venyla mobility
values for quater- quinque- and sexithiophene8a]IThese results
encourage investigations into thin film field-efféansistors based
on the shorter thiophene oligomers, such as quthapphene (T5),
the least investigated one, which are more solab, owing to
their higher ionisation potentials [7] also lesssaaptible to
oxidation. Figure 5.1 shows the quinquethiophe’at ttve have
investigated (unsubstituted quinquethiophene (Thjpsstuted
quinquethiophene (T5Me), and modified quinquethepEh(T5A)).
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Figure 5.1 Schema of unsubstituted Quinquethiopli€hk substituted Quinquethiophene
(T5Me) and modified Quinquethiophene (T5A).

In the last years, it was reported that T5 exhibithyerarchical
organisation across length scales with highly allise thin films
characterised by high carrier mobility values [6&p date, no
investigation has been carried out on the depemdehthe charge
carrier mobility of T5 with the morphology of théim films.
Moreover, no systematic studies have been carrigdono how
structural modifications affect the solid-state agation and the
electrical characteristics of odd-number thiopheokgomers.
Although remarkable improvements have recently lzedtmeved on
thiophene-based molecular semiconductors, fromnopdtion of
device and deposition conditions [5] to materiasige [8], to the
synthesis ofi-type [9] and ambipolar [10] semiconductors, nacle
relationship has as yet been established betwe&cular structure
and electrical performance.

5.2 Motivations and Aim of the chapter

The aim of this chapter is to discuss the geneealds of the
variation of the electrical properties of T5 on wmhiamg film
deposition conditions or introducing structural nfiedtions of the
backbone. This work aims to contribute a ratioriaiehe design of
new and more performant materials and has beersubgct of
reference [11].
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5.3 Experimental section

5.3.1 Material instruments and methods

The bottom configuration FET devices used in thiglg is shown
in Figure 5.2 [6], with interdigited source and idrgold contacts,
channel width and length of 1.1 cm and @, respectively. The
SIO, surface was not functionalised with any primerchemical
treatment. The different oligomers were depositadtiee channel
region, by vacuum evaporation, at a rate of aboltndn/s. Film
thickness was measured during evaporation withaatgwhickness
monitor and verified at the end of the processpaqisi mechanical
profiler (Veeco Dektat 6M). All electrical measuremts were
performed in ambient atmosphere. All oligomers weuefied by
silicagel chromatography before use, followed bycwan
sublimation. X-ray diffraction (XRD) measurementere carried
out at room temperature, using a Bragg/Brentantradibmeter
(Philips PW1050/61-PW1710), equipped with a graphit
monochromator in the diffracted beam, with a Cudenas X-ray
source. Atomic force microscopy (AFM) images wetgamed
with an atomic force microscope (Autoprobe CP Resedark
scientific instrument) operated in air in interrart contact mode.
The cantilevers were silicon cantilevers (NT-NDT GI®) with
high reflective Au coating. The typical curvatueius of the tip
was less than 10 nm with a typical resonant frequesf about
255 kHz. Typical relative humidity (RH) during tmeeasurements
was controlled with a hygrometer (about 55%).
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TS film drain

source gate

SiO;
n-doped-S

Figure 5.2 Bottom contact configuration FET with thin film

5.3.2 Results
5.3.2.1 Structure by XRD

The molecular structure of the oligomers used hergiven in
Figure 5.1. With respect to unsubstituted quingogthene (T5),
one of the modified derivatives bears two methgugps (_CHs)
grafted at the externd-position (T5Me), while in the other one
(T5A) the two terminal thiophene rings are separdt®m the
internal terthiophene core by acetylenic spacer€£&C ). The
microwave-assisted synthesis, purification methogpl and
differential scanning calorimetry characteristi€shese compounds
are reported in references [6a,b]. Of the three pmamds, only
T5Me displays liquid-crystalline properties [6a,b].

All compounds show a remarkable ability to formhiygordered
and crystalline thin films, as shown by the numermtense high-
order reflections in the XRD profiles. The XRD @aif 150 nm
thick films of the three samples, deposited atddht substrate
temperatures, are shown in Figure 5.3, Figure bddFagure 5.5.
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Figure 5.3 XRD profile of 150 nm thick films of Macuum evaporated at a substrate
deposition temperature of 30 °C (a) and 90 °C (b).
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Figure 5.4 XRD plots of 150 nm thick films of T5Mier substrate deposition
temperatures of 30 °C (a) and 90 °C (b). The imset magnification of the region
between 15 and 35 at the two temperatures.
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Figure 5.5. XRD plots of 150 nm thick films of TSér substrate deposition
temperatures of (a) 30 C, (b) 90 C and (c) 140 C

Figure 5.3 shows the XRD patterns of two films &f deposited at
30 and 90 °C. The same reflections appear in batmpkes,
belonging to two distinct series of peaks with péigities of
1.92 nm (most intense peaks) and 2.06 nm (peaksated by
asterisk), respectively, or to multiples of thesdues. Since the
crystal structure previously reported for T5 [12hows a
monoclinic cell with ama-axis of 3.9 nm, we can assume the most
intense peaks as being due tohb8 reflectionsif even). Although
T5 is known for its tendency to form very orderdéihtfilms [6],
here the presence of a population of TS5 ordered islightly
different way has to be assumed in order to ex@dineflections.
The presence of a polymorph with a different irafion of the
molecules with respect to the unit cell axes cahypothesized. As
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shown in the figure, the effect of increasing tbhbstrate deposition
temperature on T5 is to increase the amount of rheor
polymorph in the film. It is worth noting that pohorphs of the
shorter and the longer homologues of T5, namelytaqu and
sexithiophenes, have also been described fromestrgktal X-ray
structures, only differing in the magnitude of tiegringbone angle
[13,14].

Comparing the peak widths of the films of T5 obgainat the
different substrate deposition temperatures, aargeiment of the
domain size in thehOO direction is observed. Application of
Scherrer equation [15] allows us to estimate the of the coherent
domains to be 53 and 66nm for the samples pre@rdd and 90
°C, respectively.

The XRD patterns of two T5Me samples deposited itierdnt
temperatures are shown in Figure 5.4 The most seteaflections
appear at the same angular positions in both sanaplé all reveal
a periodicity of 2.29 nm (or multiple thereof). Khare likely to be
of the hOO kind, although the fact that no single crystalpowder
X-ray structures have been reported for this comgdomnakes the
assignment somewhat uncertain. Some differenceeidiffraction
profiles are appreciable for the reflections férdteater than 15°.
As reported in the inset of Figure 5.4, some réfbes are splitted
and the relative intensities in each couple isn&ak in the samples
deposited at the different temperatures. The figlrews that the
reflections at the smaller angles are more intenshe substrate
deposited at 30 °C.

From thed-spacing values we assume these peaks as highess ord
of h 0 O type reflections. We used different expemtal conditions
to test the presence of a splitting also in théectibns for 2 less
than 15°, but with negative results. Therefore, phnesence of a
second polymorph can be excluded in this case.nitie intense

90



5. FET device performance, morphology and structir@uinquethiopherge

reflections at 2 > 15° for the sample obtained at 90 °C should
instead be explained by assuming that a fractiothefsample is
oriented in a slightly different way with respeotthe substrate. In
that case, these reflections should be indexdwlawith a largel
value. Thus, in the case of T5Me, the effect ofreasing the
substrate deposition temperature is to change thentation of
some crystalline domains with respect to the satestiThe size of
the domains, calculated from the peak width, is aopreciably
affected by the deposition temperature, being aBautm for both
samples.

The XRD patterns of T5A deposited at different $rdis
temperatures are reported in Figure 5.3 Contrarf/5t@and T5Me,
no changes were observed in the X-ray patternshef fiims
increasing the substrate deposition temperaturto Upto °C. The
figure shows that fof=30, 90 and 140 °C the plots are very similar
and consistent with highly crystalline films. Thelogs are
characterized by several reflections, all corregpunto a period of
2.39 nm (or multiple). The reflections are very rghand it is
possible to estimate a size of the crystalline dosaf about 100
nm.

5.3.2.2 Morphology by AFM

The morphology of T5 thin films was imaged by imbétent
contact AFM. Figure 5.6 shows the AFM images of8®band
150 nm thick films of T5 deposited at 30, 60 and?@Gsubstrate
temperatures.
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15nm'|l

Figure 5.6 AFM topographical images of 15, 80 af@ @&m thick films of T5Z%-scale

is 0-180 nm, all figures have 8n x 3 um size) on thermal SKO The films were
grown at three different substrate deposition tewmtpees: 30, 60, 90 °C as indicated
in the figure

Upon increasing the substrate deposition temperatioere is a
dramatic change in the morphology of the film. Feg6.6 a—c show
the topography of the T5 films grown at 30 °C. Therphology

exhibits grains, homogeneously dispersed on thacirThe r.m.s.
roughness of the surface is 16 £2 nm, almost inudgEa of film

thickness and growth temperature. In the thindersfi(15 and 80
nm, corresponding to Figure 5.6a and b), the dlsisappear to be
slightly elongated. No ordered layered structurthiwithe grains is
observed. However, with the exception of 150 nnokHilms, the

presence of striped domains inside the clustemsvident. These
striped domains have always the same orientatisilena cluster
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but there is no relation among the stripes oriemabf different
clusters. The striped domains were already obsemesamples
prepared by melting-quenching processes of T5 fil®a] Figure
5.7 shows a zoom of the 80 nm thick film grown watlsubstrate
deposition temperature of 30 °C.

Figure 5.7 AFM topographical image of the 80 nnekHilm of T5 grown at 30 °C on
thermal SiQ. The film exhibits striped domains similar to teadready observed in
samples prepared by melting-quenching processgs [6a

The mean diameter of the clusters, measured froen pibwer
spectra (Figure 5.8a), was 336 + 20 nm. In ordenvestigate the
spatial correlation of the clusters we compare fgbeer spectral
densities (PSD) [16] estimated from the AFM imageR. films
grown at 30 °C exhibit very similar PSD. Furtherendhe PSD
shows that the topographic fluctuations are spgttairrelated.
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Figure 5.8 Power spectral densities measured frenFM topographic images. (a)
Films grown at 30 °C; (b) films grown at 60 °C; {itns grown at 90 °C. (d) Plot of
correlation length vs. deposition temperature.

Growing the sample at 60 °C (Figure 5.6d-f) thepshalightly
elongates (this is more evident in the 150 nm tisimhple) and the
mean diameter, measured from the power spectrair@-i§.8b),
increases in the range 480 £ 20 nm, while the r.nosghness
remains almost constant (15 nm). As the thinnendi(15 and 80
nm) grown at 30 °C, those grown at 60 °C, do ndtilak an
ordered layered structure within the grains. Ondbetrary, some
clusters of the thicker film (150 mm thick) exhilsimall terraces
typical of layer-by-layer growth. Furthermore, ims film (Figure
5.6f) the striped domains in some clusters arebMsiAs in the
films grown at 30 °C, the PSD plots do not exhénly significant
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difference among the films with different thicknggsgure 5.8Db).
At this temperature the PSD plot shows a spatiakion at high
spatial frequency.

In the films grown at 90 °C (Figure 5.6g-i), theegence of a
terraced structure that is typical of oligothiopbenrystals or
layered thin films can be observed. The smallesp sibserved
between adjacent terraces was 2.0 £ 0.2 nm, wlsictonsistent
with the expected height of a monolayer of T5 moles
(molecular length, 2.2 nm) oriented almost normahwespect to
the substrate. The samples exhibit larger islaodspared to those
of the samples grown at lower temperature, whasersinges from
0.7 to 1um. In the films grown at 90 °C, the striped domaaithin
the grains are not visible. The PSD do not exlsitsdng differences
among the different thicknesses (Figure 5.8c). H@wnein this
case, the spatial correlation is not clear.

Figure 5.8d shows the trend of autocorrelation tlengeasured
from PSD versus the temperature of film growth. greph shows
a good agreement among the correlation length ar®@060 °C,
which disappears at high temperature. The plobatetation length
with respect to the deposition temperature (Figu8el) shows that
the surface exhibits correlation up to 60 °C. At°@) the surface
correlation is seen to disappear; further studies raquired to
investigate the cause of this behaviour. The caticel length is
also seen to rise steadily with temperature u@tdoC@

5.3.2.3 Field-effect transistors

Thin film transistors have been realized, using ttimee different
materials at different substrate deposition tentpeea (30, 60 and
90 °C). The measurements were performed in aircéthpounds
showed typical p-type FET behaviour. Examples o¢ thV
characteristics of the devices are reported inreiguo (T5), Figure
5.10 (T5Me) and Figure 5.11 (T5A).
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Figure 5.11Left Plot of the drain current vs. drain voltage/ps at different gate
voltages Vss) obtained for a 150 nm thick film of TSMe depoditat a substrate T of
30 °C (continuous line) and at 90 °C (dotted liRight Semilogarithmic plot ofp
VS.VgsatVps=-10 V.

Table 1 shows the carrier mobilitiek, /I ratios and threshold
voltages for devices obtained with films of T5 offferent
thicknesses and deposited at different substrabpdeatures. The
values reported for carrier mobility and threshaolditage are
obtained by drawing the square root of the satmmaturrent (taken

at Vps = Vgs) as a function of the gate voltage. Indeed, in the
saturation regime, the expression of the drain eturrcan be
simplified, assuming that dopant and carrier cotreéion are
equal, as in (5.1):

WrCi(Vgs — Vr)?
‘F”.w! = 1 j; (51)
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Table 5.1.Charge mobility),/l ratio and threshold voltage for T5 as a functidbn o
film thickness and substrate deposition temperature

Substrate T Thickness Carrier mobility Threshold voltage

(°C) (nm) (cmPlV s) Lorllof V)
30 15 8.4 x 10* 10t -0.05
80 1.7 x 102 10° 0.8
150 1.8 x 102 10° 4
60 15 2.0 x 10 107 9
80 2.7 x 10 10t 5
150 1.3 x 102 107 6
90 15 9.0 x 10° 107 3
80 4.9 x 10? 10t 20
150 7.8 x 102 10° 23
140 150 2.2 x 102 10t 5

In Eq. (5.1), G is the insulator capacitance per unit area
(5.16 nF/crf), W andL the channel width and length, respectively,
and Vs is the threshold voltage. From (5.1) a value far tarrier
mobility is obtained assuming a constant mobility][

As shown in the table, the carrier mobility of Talways around
102 cnf/V's. The only film with a lower mobility value ithe
15 nm thick one deposited at 30 °C.

For the thicker T5 films (80 and 150 nm) we obseavelight and
progressive increase in carrier mobility with susist deposition
temperature up to 7.8 x T&nf/V s, which is the highest value
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reported so far for this compound. The value aéshold voltage is
near O V for the films deposited at room tempertidrV for the
thicker film) and increases with the deposition penature,
reaching 20 V at 90 °C. Similarly, thig/l, ratio decreases at
higher deposition temperatures, due to the higbhedection of the
FET device

Carrier mobilities, I,/lo¢ ratios and threshold voltages for
devices obtained with 150 nm thick films of T5Medai5A
deposited at different temperatures, are giverainld 5.2.

Table 2. Charge mobility,/l o ratio and threshold voltage of TSMe and T5A as a
function of substrate temperature

Substrate T Carrier mobility 1] Threshold voltage
(°C) (cm?/V s) on' % off V)
T5Me 30 7.5 x 10* 107 -5
60 1.6 x 10° 107 -5
90 9.2 x 10° 10° -5
T5A 30 4 x10° 10t
60 9 x 10° 10t
90 2 x 10° 107
140 8 x 10 10t

Film thickness is 150 nm.

Both compounds display much lower charge mobilitiesn T5,
with a trend towards higher mobilities on incregsthe substrate
deposition temperature, more accentuated than.in T5

We can observe that the introduction of structanadification in
the aromatic backbone affects the carrier mobditthe material.
In particular, introducing two methyl groups at tReerminal
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positions, the carrier mobility is two orders of gngude smaller
than that of T5, while introducing acetilenic spacéowers the
carrier mobility of almost four orders of magnituddoreover,
Table 5.2 shows that the threshold voltage of T5§ées not
change with temperature.

5.4 Discussion and conclusion

It is well known that the vacuum evaporated thimsi of thiophene
oligomers tend to orient with the long axis perpeuldr to the
substrate, with a tilt angle with respect to thernma, which
depends on the molecular structure and depositoadlitons and
that charge transport occurs preferentially in elfin2,6,18].

XRD and AFM measurements performed on T5 offer g @

interpreting the trend of variation of the eledaticharacteristics of
the FET devices on increasing the substrate deposgmperature
of the active layers.

First of all, the AFM image reported in fiig 6.aindicates that the
low carrier mobility (8.4 x 1@ cnf/V s) of the 15 nm thick film of
T5 grown at a substrate deposition temperaturd GfC3is due to an
incomplete surface coverage. For all the other sfilthe carrier
mobility varies in the range.1 x 107 to .8 x 102 cnf/V s, the
highest value being that of the 150 nm thick filnowgn at 90 °C.
For this film, the AFM image shows the presenceacterraced
structure typical of layered thin films, with themallest step
between adjacent terraces being consistent withhthght of a
monolayer of TS5 molecules almost upright to thessu#te. The fact
that the film displays a mobility value of8 x 10%cnf/V's, the
highest reported so far for T5, suggests that thisdew first layers
of the film are organized in the same way. Inddedas been
demonstrated that in sexithiophene the charge mplsilcontrolled
by the first two monolayers. [15b] However, singe bottom
contact FETs the carrier injection is limited tantfines along the
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edges of the contacts, it cannot be excluded thdurther

contribution to the charge mobility of the film alsomes from the
presence of larger crystalline domains (as indecdteth by XRD

and AFM), which allow a more efficient carrier inf®on and

smaller contact resistance.

We relate the increase of “off” currents observed% FET devices
(Table 5.1), on increasing the substrate depostkomperature, to
the increase in the amount of a second crystafiomen of T5,
revealed by XRD of thin films deposited at the sderaperatures.
As shown in Table 1, the presence of a second mofyimhas only
a small effect on the carrier mobility of T5. Hovegythe growth of
the amount of the minority polymorph of T5 on irgsang the
substrate deposition temperature reduces the defmeler in the
film and hence increases the density of structdefécts acting as
traps in the device. The presence of the traps same from the
analysis of the threshold voltage valugs) (of the devices. Indeed,
as the oligomer is undoped, the shiftvgffrom 0 V towards more
positive values can be ascribed to charged de&tdtse oligomer—
SIG; interface. Table 5.1 shows that for the film def@osat room
temperatureyr is closed to O V (4 V for the thicker film) inditwag
that both the oxide and the oligomer are relativiee of charge
defects, whileV/; values increase up to 20 V for deposition at 90 °C
Moreover, the shift ol/; towards large positive values is strictly
related to the lowering of tHg/l ratio, which is due to the higher
conduction of the device. It is worth noting thiahas recently been
demonstrated that carrier transport in thiophemgooiers is traps
dominated [2].

Despite the fact that the electronic structurehef frontier orbitals
of T5Me and T5A are very similar to those of T5 @id despite the
highly crystalline nature and larger domains siztheir thin films,

as determined by XRD, their carrier mobilities &eer than that
of T5 by several orders of magnitude (Table 5.2)e Tncrease of
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the deposition temperature causes much larger asesein the
carrier mobilities of these compounds.

Also in the case of TSMe, XRD data offer a cluaitmlerstand the
electrical behaviour of the FET device. XRD datavglindeed that
the increase in deposition temperature causeseiigentation of
some crystalline domains. The rearrangement ofthterial with
the deposition temperature is accompanied by aedaricrease in
the carrier mobility. On the contrary, the threshabltage is not
affected by the temperature, indicating that in thlen the
temperature change does not cause the increasam@fectraps. On
the basis of these data, one can infer that theease in the
deposition temperature leads to a more homogeramemsnent and
a better stacking of the T5Me molecules with respec the
substrate, thus favouring the carrier mobility.

Probably, this is also the reason why we obserearitrease in the
carrier mobility with the substrate temperaturd 5A. However, in

this case, no indications come from XRD plots, whiemain the
same even at 140 °C. Also, the domain size, ardf@nm as
measured by XRD, much larger than that of TS anélld,5does not
show any variation with temperature. Since, the loarrier

mobilities measured for this compound cannot beilzest to the
lack of film crystallinity or to the smaller sizef @rystalline

domains, other factors, such as a poor overlaphefeiectronic
wave functions within the transport layer, related a looser
packing caused by the different molecular shapguf€i 5.1), have
to be invoked. An indication in this direction casnéom the

photoluminescence quantum yield of T5A, which isigloly one

order of magnitude greater than that of T5. Inghene oligomers
the photoluminescence in the solid state is gelyeradry low

owing to the close molecular packing. Work is caotiein progress
to elucidate this point.
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In conclusion, our data show that in T5 the presenica second
polymorph leads to a remarkable decrease ofl{fiks values,
whereas it does not affect the carrier mobilityuesl. Substitution
of methyl groups at the terminal positions, as BME, or the
introduction of acetilenic spacers, as in T5A, jeree the formation
of polymorphs but leads to a remarkable decreasecaimier
mobility. In the case of T5Me, XRD data indicatattthe increase
in the substrate deposition temperature affect®tigmtation of the
crystalline domains with respect to the substrat@, direction that
is favourable to the increase of carrier mobilifhese data suggest
that the good results achieved with oligothiopheteesiinated by
long alkyl chains [1] are related both to the aloseof polymorphs
and to the homogeneous orientation of the crystaltiomains with
respect to the substrate.

We believe that systematic electrical charactaonabf libraries of
purposely synthesized molecules, paralleled by filim XRD and
AFM measurements, will allow the different fact@mntributing to
charge transport, from the energy of HOMO and LUKtQntier
orbitals to crystalline domains size and orientatm intermolecular
overlap of the electronic wave functions - to b&editangled. In this
way, it will be possible to establish the molecular
structure/electrical properties relationships thvatl allow the
rationale design of better performing materials.

References

[1] M. Halik, H. Klauk, U. Zshieschang, G. Schmid, Ponomarenko and S.
Kyrchmeyer Adv. Mater.15, 917 (2003).

[2] S. Mohapatra, B.T. Holmes, C.R. Newman, C.Fendergast, C.D. Frisbie
and M.D. WardAdv. Funct. Mater14, 605 (2004).

[3] (@) T.W. Kelley, D.V. Muyres, P.F. Baude, T.Bmith and T.D. Jones,
Mater. Res. Soc. Symp. Pro€rl, L6.5.1 (2003); (b) H. Meng, M.

103



5. FET device performance, morphology and strucafr@uinquethiopherse

Bendikov, G. Mitchell, R. Helgeson, F. Wudl, Z. Baa Siegrist, C.
Kloc and C.H. ChenAdv. Mater.15, 1090 (2003); (c) S.E. Fritz, S.M.
Martin, C.D. Frisbie, M.D. Ward and M.F. Tone};,, Am. Chem. Soc.
126, 4084 (2004).

[4] (@) R. Hajlaoui, G. Horowitz, F. Garnier, Ar@eBrouchet, L. Laigre, A.
ElIKassmi, F. Demanze and F. Koukilv. Mater.9, 389 (1997). (b) R.
Hajlaoui, D. Fichou, G. Horowitz, B. Nessakh, M. iStant and F.
Garnier,Adv. Mater.9, 557 (1997).

[5] C.D. Dimitrakopoulos and P.R.L. Malenfaitlv. Mater.14, 99 (2002)

[6] (a) M. Melucci, M. Gazzano, G. Barbarella, Mavallini, F. Biscarini, P.
Maccagnani and P. Ostojd, Am. Chem. Sod.25 10266 (2003). (b)
M. Melucci, G. Barbarella, M. Zambianchi, P. Di #ee A. Bongini,J.
Org. Chem.69, 4821 ( 2004).

[7] (@) D. Jones, M. Guerra, L. Favaretto, A. Mihd M. Fabrizio and G.
Distefano,J. Phys. Chem94, 5761 (1990); (b) K. Meerholiz and J.
Heinze,Electrochim. Actal1,1839 (1996).

[8] A.R. Murphy, J.M.J. Fréchet, P. Chang, J. Led &. Subramanian]. Am.
Chem. Socl26, 1596 (2004).

[9] R.J. Chesterfield, C.R. Newman, T.M. PappenfasC. Ewbank, M.H.
Haukaas, K.R. Mann, L.L. Miller and C.D. Frisbigdv. Mater.15,
1278 (2003).

[10] A. Facchetti, M.H. Yoon, C.L. Stern, H.E. Kaand T.J. MarksAngew
Chem. Int. Ed42, 3900 (2003).

[11] P. Ostoja, P. Maccagnani, M. Gazzano, M. dawvall. C. Kengne R.
Kshirsagar, F. Biscarini, M. Melucci, M. Zambiancland G.
BarbarellaSynt. Met146 243 (2004).

[12] W. Porzio, S. Destri, M. Mascherpa and S. Rrigr, Acta Polym44, 266
(1993).

[13] (a) L. Antolini, G. Horowitz, F. Kouki and Fsarnier,Adv. Mater.10,
382 (1998). (b) T. Siegrist, C. Kloc, R.A. Laudise€E. Katz and R.C.
Haddon Adv. Mater.10, 379 (1998).

[14] (a) G. Horowitz, B. Bachet, A. Yassar, P. gaf. Demanze, J.L. Fave
and F. GarnierChem. Mater.7, 1337 (1995).(b) T. Siegrist, R.M.
Fleming, R.C. Haddon, R.A. Laudise, A.J. LovingerE. Katz, P.
Bridenbaugh and D.D. Davi3, Mater. Res10, 2170 (1995).

104



5. FET device performance, morphology and structir@uinquethiopherge

[15] H.P. Klug and L.E. Alexander, XRBrocedures for Polycrystalline and
Amorphous MaterialsWiley-Interscience, New York (1974).

[16] (a) F. Biscarini, P. Samori, O. Greco andZBmboni,Phys. Rev. Let#8,
2389 (1997) (b) F. Dinelli, M. Murgia, P. Levy, MCavallini, F.
Biscarini and D.M. de Leeuvihys. Rev. Let@2, 1168021 (2004).

[17] G. Horowitz, Physics of organic field-effectramsistors In: G.
Hadziioannou and P.F. van Hutten, Edit@smiconducting Polymers
Wiley, 463 (2000).

[18] F. Garnier, A. Yassar, R. Hajlaoui, G. HorawyiE. Deloffre, B. Servet, S.
Ries and P. Alnot). Am. Chem. Sot15, 8716 (1993).

105



5. FET device performance, morphology and strucafr@uinquethiopherse

106



Appendix

Appendix

Atomic Force Microscopy (AFM)

Figure A.1 shows the scanning probe microscopeave hsed to
investigate the topography of samples. The instrimas built by
the CP research and it can work very well both BEMA&Nnd as
STM.

Figure A.1. Schematic representation of the Autbpr8PM of the CP research.

Atomic force microscopy was first implemented irB&9with the
goal of overcoming the STM limitation of imaging Ipn
conductive samples. The principle is thus not eelato the
measurement of a tunneling current, but of the @sdmple
interactions. The idea is to use a tip attachedh® end of a
cantilever with elastic constart, and measure the tip-sample
forces by the cantilever deflection, which are teddlaaccording to
Hooke’s law, by
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F, = KOAZ (A.1)

The same relation applies for tRalirection if the force on the
tip has also a component along the surface plamexeTare various
detection systems for the cantilever deflectior], Bt the most
common one is the optical beam deflection methadvehn Figure
A.2. In this system, a laser beam is focused oncérgilever and
reflected towards a position-sensitive photodiotiatially the
reflection is centred with respect to the photodidaut as soon as
the cantilever is deflected by the tip-sample fer¢ke reflection on
the photodiode is displaced. Normal forces bendctn&ilever in
the z direction, while the main effect of lateral foraesthe torsion
of the cantilever, leading to displacements of riigection in the
vertical and horizontal directions, respectivelyeTphotodiode is
divided into four independent parts (sectors ACBand D as shown
in Figure A.2).

Figure A.2 Schematic description of the detectigsteam of the cantilever deflection

Each of them generates a voltage proportional ® ttital
intensity it receives, and the displacements ofréfilected beam on
the photodiode are quantified by measuring the gbann the
relative voltages of the four sectors. Thus, norfoedes are related
to the signal
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vV, :(\/A +VB)_(VC +VD) (AZ)
and lateral forces to the signal.

Vi =(Va +Ve) = (Vg +Vp) (A.3)
The calibration to correlate the measured signalghe tip
displacementa\z and Ax, or to the tip-sample forces by applying
Hooke’s law, depends on the cantilever and tip attaristics
(dimensions, Young modulus) and thus has to beopedd for
every different tip. [1]

The general behaviour of the tip-sample forcesusedistance is
shown in Figure A.3.

A

Force

Tip-surface distance.

— -

attractive repulsive
<— —>

Figure A.3 Tip.sample force vs distance.

The Figure A.3 is the plot of the non monotonicdabur of the
forces versus distance with contributions of loagge attractive
interactions and short range repulsive interactidings presents an
additional complication inherent to AFM, since aldé feedback is
only possible on a monotonic subbranch of the faekilsignal.

The AFM measurements can be performed in differentles,
which can be classified into the contact mode drel dynamic
modes.
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a. Contact mode

In the contact-mode, the tip is brought in conteith the surface
and the tip-sample interaction forces are measueedrding the
cantilever deflection. At this point, many diffetenteraction forces
contribute to the deflection. Among them, therelarg range Van
der Waals or electrostatic forces, short rangelsepiforces due to
the overlap of tip and sample electronic orbitatsadhesion forces.
The adhesion forces depend on the contact areahwhi turn
depends on the tip radius and the stiffness of gorad sample.
Furthermore, adhesion is greatly enhanced in poeseh water
adsorbed on the surface, which forms meniscus ésitbgtween tip
and sample. This contribution, however, can be @ by
performing the measurements in a liquid environment

In general, the topography measurements are pegtbriny

scanning the surface at constant force (i.e., eonhstantilever
deflection). When the tip is scanned over a bumpaddiow, the tip

will follow the surface by changing the cantilevdgflection. The

consequent change in the measured signal is usadessiback to
readjust the cantilever-surface distance and gek ba the initial

deflection. In this way, the recorded changes ia tantilever-

surface displacements correspond to the topograpklye sample.
Obviously, the deflection of the cantilever shoblkl significantly

larger than the deformation of tip and sample upontact. To

satisfy this, the cantilever should be softer tlhle interatomic
bonds in tip and sample. Typical interatomic spieogstants range
from 10 to 100 N/m, though in biological samplesytitan be as
low as 0.1 N/m. Thus, typical values for contactdeaantilever
spring constants are 0.01-5 N/m.

The images of the measured topographic featurebraezlened
(for protrusions) or narrowed (for hollows) by tla¢eral size of the
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tip (with typical curvature radius for commercigls from 5 to 15
nm). This effect consequently has to be consideiredthe

interpretation of images with features in the nmmge [1,3]

Nevertheless, sub-nanometer resolution images earbtained on
crystalline surfaces, resolving the surface stmectuThis is
explained taking into consideration the large congaiea of tip and
sample (in comparison with the crystal periodicayd considering
that the forces matching the surface periodiciy @mansmitted to
the tip, resulting in an “averaged image” of theiqaic lattice. In

this way, small periodicities can be resolved #éythextend over
distances much larger than the contact area.

The optical beam deflection method used for thea®n of the
cantilever deflection allows the simultaneous measent of both
the normal deflection and the cantilever torsioneyated by lateral
forces. It is well known that, during the laterasmglacement of a
solid over a surface, there is a force opposinghto movement.
This force is the friction and is also present wisganning the
surface with the tip, consequently leading to asueable torsion of
the cantilever. On a microscopic scale, there aamyndifferent
processes involved in the friction, but for a thayb description of
the underlying theory the reader is referred tenexices. [1,5]

b. Dynamic modes

In the dynamic modes the cantilever is deliberatgbyated by
externally exciting it with an excitation amplitud&,, and an
excitation frequency. The cantilever oscillation is characterized
by its amplitude, the frequency, and the phasesdiffice between
excitation and oscillation. In order to provide amderstanding of
the fundamental concepts involved in dynamic modéVA the
cantilever can be described by harmonic approxonati In the
absence of tip-surface interactions (i.e. tip favap from the
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surface) the movement of the tip can be considesed forced
harmonic oscillator with damping, thus following

me,

mzZ(t) = - o Z(t) -KZ(t) - KA,.CoqeAt) (A.4)

1/2
where w =(k/m) is the resonance frequency of the free

cantilever, andQ is the dimensionless quality factor related to the
damping of the cantilever. The solution is a lineambination of a
transient term related to the adaptation of thdilemer movement

to the excitation frequency, and a steady-statm t®ith constant
frequency, amplitude and phase over time:

Z(t) = Ae ' Sin(ayt + ¢,) + A,Cosat + @) (A.5)

After a timet = 2Q/w, the transient term is reduced by a factor
1/e and the motion is dominated by the steady termelfevaluate
now the steady solution in the differential equatithe following
expressions are found for the amplitude and phasefanction of

®:
Aera)Oz
- A.6
Jera? + Qe —a?)? -
W
- P A.7
¢ =ar tar{Q(w02 5 a)z)J (A.7)

The corresponding diagrams of amplitude and phase \are
shown in Figure A.4, calculated fé¢,, Q andwg values of 10 nm,
10 and 10 kHz respectively. From equation (A.@gih be seen that
the damping causes the maximal amplitude to beirditaat a

frequency
w, =, [1- 12. (A.8)
2Q
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However, the shift is negligible f@ values in the usual range
of 100 or more.

Up to now, no interaction forces have been consiilefhe
simplest case would be a tip-sample force whosgeran
interaction is much larger than the oscillation &tage and with a
gradient with respect to the tip-sample distancelwdoes not vary
significantly over one oscillation cycle.

o (Hz)
5000 10000 15000

= 100 —— Phase y —
£ 80] —=— Amplitude 135
8 o 2
= =] 90 =

40 @
E 45 E

20-

G‘ : T ¥ d T T ¥ T -ﬂ

04 0.6 0.8 1.0 1.2 1.4 16

L-].-"f-::l .

Figure A.4 Amplitude and phase diagrams vs frequeioc a free cantilever,

calculated forA,, Q andw, value of 10nm, 10 and 10KHz repectively.

This gradient can thus be represented by a spamgtantks
which varies with the average tip-sample distanae ib nearly
constant within an oscillation cycle. In this cadee tip-sample
force can be included in the movement equation )(Ayt simply
considering a new spring constant

oF,

=K+K, =K+—=- (A.9)

K
total OZ

which consequently leads to a new resonance fregusmfted
by Aw (neglecting the damping) at
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K+%

total — 0Z A10
- - (A.10)

W = (w, +Aw)® = K

A change in the resonance frequency leads to & shithe
curves in Figure A.4, consequently changing alse dbkcillation
amplitude and phase.

This analytic and simplified model shows qualitatw that in
dynamic force microscopy the oscillation parametigend on the
force gradient, as opposed to the dependence oforite itself in
the contact-mode, and that the tip-sample intevadtfluences all
of the oscillation parameters, that is, the resoeafrequency,
amplitude and phase. However, the approximationdenadten do
not hold for real

measurements, and much more complex models and ricume
calculations have to be developed to get quant#atigreement
with the experiments.

Dynamic force microscopy is performed in two diffet
measurement modes: tapping mode or amplitude mialylaand
non-contact mode or frequency modulation. Both ldm have
been used in the frame of this thesis and arelyppeésented in the
following.

I Tapping mode

In this mode the cantilever is excited externaliyhva constant
excitation amplitude at a constant frequency nisatesonance. The
measured signals are the oscillation amplitude @rake, and the
former is used as feedback parameter while scarthgample.
The initial oscillation amplitude decreases upoduction of the
tip-sample distance, which is typically reducediluiie amplitude
is decreased to 40 to 90 % of its initial valueeithwhile scanning
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the surface, a feedback loop controls the cantileaeple distance
in order to maintain the amplitude constant. Tybicscillation
amplitudes are in the range of 10 to 100 nm, cansetty
encountering a wide range of tip-sample interastianthin each
cycle, including both attractive as well as reprdsiorces. This is
what makes an analytical description of the praegsaking place
very difficult. Some of the models and numericamgiations
applied to get some understanding of the tip-sammpégactions can
be found in references. [1,6,7]

ii. Non-contact mode

The time constant for the transient term in the oscillation
amplitude to adjust to a change in the tip-sampieraction scales
with 2Q/w, . In vacuum, typical quality factors are in the garof
10000, making the data acquisition in the tappirgden(with the
amplitude as feedback parameter) too slow for wvacuu
applications. Albrecht et al. developed in 1991 ti@n-contact
measurement mode, where the change in frequentgssen a
time-scale of Xb, thus overcoming this problem. [8] Its working
principle is as follows: the cantilever is excitedd the oscillation
parameters recorded. These are in turn used iedbéek loop to
control the excitation signal in such a way that ¢xcitation is with
the same frequency but phase-shifted by 90 degftbesefore
exciting in resonance) and with a variable exata@mplitude that
keeps the oscillation amplitude constant. Consetyyethe only
degree of freedom left for the cantilever to adjosh changing tip-
sample interaction is a change of its resonancguénecy. This
signal is used in a second feedback loop to adestcantilever-
surface distance while scanning the surface andikkgea constant
oscillation frequency. Despite the fact that thereno tip-surface
mechanical contact while measuring, upon the apatgpchoice of
the experimental parameters, the tip-sample intierseccan include
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contributions of short-range forces when the tiglissest to the
surface. This in turn allows obtaining images vetbmic resolution
and corrugations in the same order of magnituddoasSTM.

imaging. [1,9] The excitation amplitude necessavykeep the
oscillation amplitude constant is simultaneouslgorded and is
directly related to the energy dissipation withineooscillation
cycle. This, together with maps of the averagedeling current
for the oscillating tips, or frequency shift vs.ntkever-surface
distance curves, are additional data available witim-contact
AFM, which are related to different material prapes. However,
these kinds of measurements have not been usédsithesis and
their description can be found elsewhere. [1,9]
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