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General introduction

The emergence of SPM followed the development ef manotechnologies, for which a direct
visualization or manipulation of surfaces and if#tees is essential. Nowadays, SPM techniques do ba
developed because they also offer the ability ttaioblocal information on the physical, chemicaldan
mechanical properties of isolated nanostructuresudiaces. In comparison to other techniques, SR a
especially atomic force microscopy (AFM) providesremely high lateral and vertical resolution thats it
out of competition with commonly used the scanréhegtron microscopy (SEM) and optical microscopy. |
addition, AFM offers the opportunity to operate wvacuum, gas or liquid environment that makes it
irreplaceable in such domains of applications asigh, biology, chemistry, medicine etc...

A large variety of operation modes makes AFM teghaieasy adaptable to a wide range of samples
under different experimental conditions. Generalhgre are no special requirement for sample patipar
and they can be scanned in their native environmesitu.

Nowadays, many works are devoted to investigat@ngrganic materials which may, in the nearest
future, become an alternative to actually widelydignorganic materials in scientific and industrial
applications. That's why there are more and maearehes devoted to fundamental studies in orgarc
particularly biological materials with the wide usieample opportunities of the atomic force micase

This thesis deals with various aspects of the epptin of AFM, for the characterization of organic
semiconductors and DNA-based arrays, as promisarglidates in organic electronics and biological
applications. This work includes the question & theoretical study of the optimal conditions famn
destructive investigation of such samples in défeérenvironments. For this reason, we used theatins
of the AFM technique to explore the regime of tipesurface interaction by controlling the dynamidghe
dissipative processes, during scanning, on one gbeaof a DNA chip. Moreover, we propose to use the
AFM contact spectroscopy as an alternative metbodhie local study of the surface energy of orgéhiic
films. Added to advanced methods of statisticalgenanalysis, in reciprocal Fourier space, it presidn
exhaustive description not only of the accessibidase of the sample but also of its inner struadtur
properties.

The particular design of the experimental liquidl @ our AFM makes it possible to perform a
comparative study of the molecular assembling ofAEldsed macromolecules in air and liquid mediasThi
allows to compare the theoretically expected angdesmentally observed results under controllable

conditions at the molecular scale.

This memory is organized in the following manner:

In the first chaptewe give a general introduction to Atomic Force Mgropy. The description of the
principle together with a close look at the diffsr@peration modes allow to explain the physicghaf
processes responsible of the high accuracy andtiiysof the AFM.

In this chapter, it is also discussed on the diffiérforces which inevitably involved in the imaging

process and in a large extent, which are resp@n&iblthe image contrast. A peculiar attentionl$® @iven
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to specificities of working in gas and liquid eraiments. Their respective advantages and fundamenta
limitations are also reviewed.

A particular attention is focused on the practiapplication of the dynamic phase and amplitude
spectroscopy. It provides a quantitative descmptibdissipative processes during AFM mapping dlava
to prevent damages of fragile biological materi&is: this purpose, a specific study of the AFM paeters
is presented on a DNA chip substrate.

Finally, an alternative method of statistical imagelysis is described, which gives a more complete

description of the surface in comparison with theventional method of analysis.

In the second chaptewe focus on the AFM study of the pentacene wihigckhe most promising
organic semiconductors among other organic compauid this chapter, we explain the structure an
electronic properties of the pentacene, and thepesirm the AFM study of the thickness-driven peene
growth on two polymeric substrates, parylene andzbeyclobutene (BCB). Therefore, we discuss the
morphology of the pentacene thin films by meansafiventional methods of analysis which showed a
nonlinear dependence of the pentacene grain sizekeoequivalent film thickness. Then, we perfohra t
measurement of the pentacene surface energy matitee to the drop sessile method, by the contexdte
AFM spectroscopy.

In this chapter, we also describe a power densigghod (PSD) to analyse obtained pentacene
morphologies. Based on the transformation of AFMgm in 2D reciprocal Fourier space representeddas 1
graph (PSD curve) we show that an appropriate arsalyf the experimental PSD curves together with
determined pentacene surface energy, provides @letandescription of both surface properties arel th
properties of the sample as a whole.

Therefore, we propose the model of the pentacemwthr upon which the electrical performances of

an experimental pentacene-based organic fieldtdfaesistor (OFET) are discussed.

In the last_third chaptewe focus on the study of the possible assemblinBNA-based X1+X2,
Y1+Y2 and X1+20 bases molecules. First of all, vigcualss their hybridization and thermal stability by
measuring experimentally the melting temperatuiég) (and comparing them with theoretically calcuthte
values. Then, theoretically possible assemblingXd#X2, Y1+Y2 and X1+20bases molecules is also
reviewed. Therefore, we describe AFM imaging of DN&sed samples deposited on chemically modified
and non modified muscovite mica surface in air ento liquids: Tris and HEPES. For AFM imaging in
liquid, the goal was to study the influence of itnaic strength of both solutions on the molecukseambling
and compare it with the molecular assembling infirinterpretation was proposed.

In addition, there are also three annexes whichptemment this manuscript. Annexe | is used in the
second chapter and gives explanation of surfaceggnmeasurements with the drop sessile technique.
Annexes Il and Il refer to the third chapter. ArRadl describes in detail the scheme of chemicattsysis
of X1+X2, Y1+Y2 and X1+20bases molecules and givesr structural formulas. Annexe Il provides an

explanation of methods used for deducting of camuamh effect of the AFM tip with a DNA molecule.



Chapter |

Atomic Force Microscopy

| - Introduction

-1 Scanning probe microscopies among microscopies

Scanning probe microscopy (SPM) includes a larg®milyaof microscopy techniques for the
characterisation of surfaces at the micro and rsmad¢e. The emergence of SPM followed the developmen
of the nanotechnologies, for which a direct viszation or manipulation of surfaces or interfaceshigh
resolution, is essential. Nowadays, SPM technigaesn to be developed because they also offerliitieya
to obtain local information on the physical cherhimad mechanical properties of isolated nanostrastor
surfaces.

Before SPM, there were two means to observe swfacaterfaces: with the optical microscope and

its derivatives (confocal, fluorescent, phase nicopes) and the electronic microscope, specificaity
scanning electron microscope (SEM) for surface lagion.
Optical microscopes present the advantage of acidbservation, in environmental media, air anitlg,
on any surfaces provided that it is not totallyng@arent, (chemical and fluorescent dye are usedltur
surface) [1]. However, the resolution of such msoapes is limited by the Rayleigh criteria to hié
wave-length and then to hundreds nanometers.

The SEM microscope uses an electron beam to ph#bsurface, this allows to reach subnanometric
wave length and then a high resolution (de Brotjieory). However, due to aberration in the eletatis
lens system, the better value reached today is4win® [2]. This technique has a great field deptd &n
really appropriate to study nanostructures.

However, a vacuum environment is necessary dueeternall electron mean path and only conductive
or semiconductive surfaces can be imaged becaoeaday electrons are emitted from the surfacdatisd
surface must be previously prepared, recovered dynductive layer. These limitations make it difficto
image biological systems in their physiological ieomment. One should notice that progress have been
made and environmental SEM exists today [3].

In comparison to these microscopies, SPM and eapeeatomic force microscopy (AFM) offers the
opportunity to observe surfaces in air and liguidimnment such as an optical microscopy, with ghhi

resolution similar to the one of the electron msoapy (SEM).
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Figure I-1 shows the principal characteristicshafse different microscopical methods.
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Figure I-1. Comparison of most popular microscolpieehniques [4]

The fundamental principle of all scanning probe roscopes is to observe the so calheér- field
interactionsthat occur between a sharp tip and the surface sdmple. To form an image the tip with a
curvature radius of few nanometres is swept acthsssurface, line by line, making a map of the
interactions. During this scanning process, tummgglturrent, interaction forces, electromagnetio/egaor
thermal flux can be monitored and directly usedtfa surface characterization. Since the inveniothe
first scanning tunnelling microscope (STM) by GeBihnig and Heinrich Rohrer [5], in 1982, SPM
techniques were widely popularized and the numlbénwestigations devoted to technical advances and
applications has increased rapidly. Now, SPM imsemts are commonly used in science of physics,
chemistry, biology and related disciplines. Thisugr of microscopies demonstrates the ability tdqoer
experiments in vacuum, air and liquid in the ranfjgemperatures from 4K to over 700K and the digers
range of phenomena can be studied including sutégegraphy, measurements of adhesion and strefigth
individual chemical bonds, friction, electronic awibrational properties, electric and magnetic ertips,

molecular manipulation, and many other phenomesra fthe micrometer down to the subnanometer scale.
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|-2 History of the Atomic Force Microscopy

I-2-1 From stylus profilometer to STM

The operation principle of all SPMs is quite simildhis fact can be explained by a common
archetypal instrument which has become an enatbimigfor developing modern methods of SPM famity. |
is useful to follow the development of scanningb@anicroscopy by the beginning from the first ptyppes

to clearly understand the background of SPM teclesq

Visualizing the morphology of a surface using ansi@ag probe is an old idea. In 1929, Schmaltz
already invented the Stylus Profilometer [6]. Thistrument had lot in common with the modern atomic
force microscope (AFM) and can be mentioned afrits prototype. The operation principle was basad
the detection of a light beam reflected on a moyirape. The probe was carefully brought into cantéth
a surface and moved across it. The projection eflitht beam reflected by the probe was exposed on
photoemulsion. A magnified profile of the surfacasaobtained by the optical lever system. However, t
scanning and detection systems were not enoughtésblfrom external noise that strongly limited the
resolution.

The next step in scanning probe methods was reabigeYoung in 1971 [7, 8] when he created
another type of profiler called “Topographiner”.i3imon-contact profiler is considered as the “fdtloé the
scanning tunnelling microscope (STM). It already haplemented feedback loop to keep the working
distance constant during the scanning of a conuyi¢tp above a conducting sample. However, when the
STM uses the direct tunnelling to feel the proxynut the surface, the topographiner operated iaraission
regime. Such operation regime and the unsubstamt@iection from acoustical and thermal noise were
responsible to a relatively low resolution comp&ab the one of the optical microscope.

In addition, Young also performed spectroscopic sueaments with his topographiner in direct
tunnelling regime. He has already shown that theatled tunnelling current was in strong dependemce
the tip-sample separation. However, no stable intagias obtained under their experimental condit[@hs

The situation drastically changed since the devetq of the first STM, which was able to realize th
surface visualization in direct space, at a truemit resolution [8, 9], in 1982. This fundamental
achievement of G. Binnig and H. Rohrer was honobsed Nobel prize in Physics in 1986.

Unlike the previous prototypes, the STM could perfémage scanning in a direct tunnelling regime
by measuring the tunneling current present thraihghgap between a sharp tip and a conducting sample
surface [10, 11]. The exponential dependence ofctiteent on the distance is responsible of the high
sensitivity of the instrument to variation in surdatopography (actually electronic density of stpté&or
example, a monoatomic step may cause a change inihel current from 2 to 3 orders of magnitude [9
That is why the question of stability during imagiwas crucial. Fortunately, the solution has beemd:
this first STM was equipped by improved system oifsa reduction, which used the effect of magnetic

levitation [8]. The exponential decrease of theentrtowards distance implies that only the exttemf the
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tip apex is involved in the interaction. To reat¢bnaic resolution, only one atom at the extremitytrod tip
contribute to the current and the tip-surface distatypically of 1nm, should be controlled at l&sn 1pm.
The tip surface distance can be reached thankgzogiectric ceramics actuators which allow disptaents
of tip and sample at a nanometric scale. The #talmhn be achieved when controlling displacement,
external noise and vibration, electromagnetic pbétions and thermal drift. Thus, STM microscopes a
placed in a faraday cage, on an anti-vibrationetaland in an air-conditioned room. They are also
symmetrically designed to compensate thermal drift.

Unfortunately, few surfaces can be directly obseémveair because of their oxidization. The presence
of a faradic current, typically of IA, makes the measurement more complex in liquidsvadiays, the
STM is dedicated to high resolution studies in UF8Y9].

I-2-2 Basis of Atomic force microscope

In 1986, G.Binnig, C.Quate and C.Gerber inventedAtomic Force Microscope (AFM) [12] which
made a breakthrough in the world of microscopyc8&ithen, the AFM was recognized as a powerful and
versatile tool for nanometric scale objects chardtion. The AFM allows to image the topograpliyao
wide variety of materials, conducting and insulgtihard or smooth with a relative ease.

The AFM principle is based on the interaction dpdixed to a microcantilever with a sample.

A typical AFM configuration includes a microcantikr, a detection system, a sample positioner and a

control system (Figure 1-2).

PSD

Cantilever

\ Sample

Piezo

Controller

Figure 1-2. Schematic representation of the AFM
When the cantilever is close enough to the sanggiegrding to the size of the tip (typical radius ar

around 10nm), surface forces appear on the nancnm®taele. These forces are sufficient to cause a

detectable signal in the system of detection. Asieasure of the tip-sample interaction, the resonant
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frequency or the deflection of the cantilever carubed. In most common cases, the cantilever maweme
registered by an optical system which consists phatodiode array that detects laser beam reflecoea
the top side of the cantilever. The control systgwerns the sample position according to the owtjgunal
of the photodiode.

An AFM image is obtained by scanning line by litee tsample surface. During the scanning, the
sample position is adjusted to keep the outputasighthe position corresponding to the referereféedtion

or the reference resonant frequency of the casmtilev

Il - The different interaction forces

The tip-sample interaction on which AFM is basedbixes different forces, attractive and repulsive,
and of different intensities. All these forces dihdifferent tip surface distance dependence.xieraal
field-free experiments, the dominant forces are dan Waals, chemical forces, short-range repulsive

interactions, adhesion and capillary forces.

[1-1 Van der Waals force

The van der Waals force is a long-range type fovb&eh acts in all media whatever the chemical
composition of the surface. This universality iduned by the nature of the van der Waals forcesy, dne
due to the fluctuations of electrical dipole momeetween atoms and/or molecules. More precisetyyém
der Waals force is the sum of three different ferdgach is proportional to rf/ wherer is the distance

between atoms or molecules. Thus, the correspondiagpotential is expressed as [13, 14]:
UVdW:UK+UD+UL=(CK+CD+CL)/r6 (eq.1.1)

whereUy is the orientation or Keesom potentid}; is the induction or Debye potential dddis the

dispersion or London potential, a@d, Cp , C_ are corresponding constants .

The first and second terms of (eq.1.1) are calleddém and Debye energies, they manifest only in
interaction between atoms or molecules with a peemtor an induced dipole, respectively.
The third term is called the London energy, it mests between all types of atoms and molecules E\Mgn

the non polar. This London energy mostly contributethe van der Waals force.
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The attractive van der Waals force between atorpsagortional to I, wherer is the distance. The
empirical potential used to approximate the inteoachetween a pair of atoms or molecules is thenbed-

Jones potential (Figure 1-3) [13]:

12 6 1/6 2
S ORISR

whereA is the Hamaker constai,is the attractive interaction strength.

The empirical constantrepresents the characteristic energy of interadigtween molecules, namely
the maximum energy of attraction between a pamofecules. Characteristic diameter of the moleetlle
also called thecollision diameter,is the distance between two atoms or moleculespfgr= 0. In this
expression, only the® term, the attractive term corresponds to the \&rdaals or dispersive force.

Ther *?term is the repulsive term and describes the Raplilsion at short ranges due to electron orbitals

overlapping (Figure I-3):

attractive

repuls.

VIE,
o
\

o) \ \
0o-5 1 15 2 2-5
d/d,

Figure 1-3. Lennard-Jones potential with attractwel repulsive parts [13]

Analytical expression for van der Waals force deseon several factors including geometry of
interacting surfaces. In AFM, the tip-sample int&ian should be considered as an interaction betwee
macroscopic bodies rather than between individt@ina or molecules [13]. In this case, the interarti
interface can by approximated by a sphere-planengty and the van der Waals force obtained usiag th

Derjaguin’s approximation [16] is then expressed as
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Vdw 612 (eq.1.3)

whereA is the Hamaker constam,the tip radius andis the tip-sample separation.

All physico-chemical information about interactibgdies is included in the Hamaker constant which is

measure of the strength of the van der Waals force.

For special applications, other long range foraes considered, electrostatic forces between a
conductive tip and sample system and magnetic foetereen a magnetic tip and surface system. In this
work, we do not consider these forces, they leadpiecific SPM instruments devoted to the analyse of

surface potential, conductance, doping effect aymatic moment.

[1-2 Short-range forces and adhesion

Short-range repulsive forces appear when the siepardistance between two objects reaches the
magnitude of the interatomic distance. It is theecavhen they are brought into mechanical contamheS
repulsive forces between molecules or atoms apgearto the Pauli or ionic repulsion. However, for
microscopic contact areas consisting of large nurobatoms, the effective force can be describetiout
considering Pauli or ionic repulsion. This approauplies that the mechanical contact defo2rms auting
objects and that the deformation depends on théedpfwad (or force) and on the material properties
Analytical description of the relationship betweggformation and applied force is provided by theowf
continuum elasticity.

Historically, the first model was proposed by Heitz 1881 [17]. This model described the
deformation without adhesion forces. Other widebedi models such as Johnson-Kendall-Roberts (JKR)
[18] and Derjaguin-Muller-Toporov (DMT) [19] takato account adhesion inside (JKR) or outside (DMT)
the contact area.

In the case of a spherical tip on a flat surfakesé¢ three theories give the following relationstie
contact radiug, adeformation of the sampl& an adhesion forcg,, a reduced Young Modullg,, a tip

radiusR and an applied loa. HereW is the thermodynamic work of adhesion.
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— according tdHertzmodel:

[RF F2 )"
a:3Et— JZ(R 2 j Fad:O (eql4)
ot ot

— according tadKR model:

2/3
a= s\/i(F +2rRW) 5=F +2RW) F,, = 27RW (eq.1.5)
Eeo 3REZ,
— according tdMT model:
a:\/i(F +IRW+ (3nRW)2] 5=2 |brva F, =TRW q16)
et 3V Ea 2

Typically, the Hertz theory can only by appliedhke adhesion force,fris significantly smaller than
the maximum applied load F. The JKR model is sletdbr describing the contact of soft samples veith
large adhesion when a large tip is used. The DM@lehoan by used for stiff samples with a small adhe
in the case of small tips [20]. Even if these tieDd@are only approximations, they have become atand
contact models for AFM studies.

More sophisticated analytical description of th&eiaction between surfaces has been proposed by
Maugis [21]. The contact mechanics of two elastidibs can be described by the relationship betwiess

(o) and straingj) tensors, which for isotropic materials is esttidid by the following equation:

o, :/7,5'“5ij +G,£‘ij (eq.1.7)

wheren is the Lamé coefficient ar@d is the shear modulus.

The (eq.1.7), at an equilibrium state, can be paterized by the elasticity parameter which

compares the relative strength of the deformatiahthe effective range of the surface force:

(eq.1.8)

wheregy is the stress at the equilibrium spacing.
As it is shown in the adhesion map of GreenwoodJatthson [22] (Figure 1-4), the general solutions
can be reduced to the Hertz modelXab, to the DMT model for small (A < 0.1) and to the JKR model for

large)d (A > 5).
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Figure I-4. Adhesion map of Greenwood and John2&h [

The Maugis theory, experimentally verified by Lamtzal. [23], settled the dispute between the JKR a

DMT models in the 1970s and is now recognized a&s dhneral theory fully describing the elastic
deformation of samples.

[1-3 Capillary forces

Under ambient conditions, in air, a meniscus aritigoridge may form between tip and sample, due to
capillary condensation around the contact (FigeBg This meniscus induces an attractive forcegddpnt
on the distance, caused by the pressure diffetegtweeen the liquid and surrounding vapor phases.

Figure 1-5. Schematic of a water meniscus betweglarge and a sphere of radius R [4]

The pressure difference is given by the Young-Leplkequation:

1 1
AP=y —+— eq.1.9
R sz (eq.1.9)

wherey is the surface tension of the liquid aRdandR, are the principal radii of curvature of the
water meniscus.

The analytical expression of the capillary foFeg, between tip and sample of plane-sphere geometry
has been developed by O'Brien and Hermann [24]:

17



F.., = 271/(cosd, + cosd,) (eq.1.10)

wheref; andé, are contact angles between surfaces of tip angleaand the liquid.

However, (eqg.1.10) does not reflect any dependehtiee capillary force on the relative humidity.
A model including the influence of humidity, of tlseirface roughness, and also the time in the eaypill

force expression, was introduced by L. Bocquethnd Barrat [25]:

=T b
Fcap(t) - Jd |n(P0/ P)In(roj (eq111)

whered is the effective distance taking into account gewynof the contactPy/P is the relative
humidity, andryis a time constant of the order of the condensaiie of one liquid layer.

The authors of this model observed good agreemmattgeen their experimental results and their
theoretical predictions. According to equationslQ).and (1.11), meniscus forces are expected rease
for hydrophilic surfaces and decrease for hydrophshbrface. This was experimentally observed byyman
groups [26-29].

The calculations demonstrated that the capillargeds usually more long-ranged than the van der

Waals force under moderate humidity conditionshasve in Figure 1-6 [30].

0
-2
-4
. =B
=
< 8
L o’ J
-10 [ i ]
2} ’ weme | ennard-Jones force o/
L i = = = van der Waals forces
—14if 1 capillary forces with
L B z,=0 nm, y=72.5 N/m, 8,=6,=0°, c=40 nm
—-16 1 1 1 L
0 1 2 3 4 5

D (nm)

Figure 1-6. Comparison of van der Waals and capillarces at different humidities for an hydropbitip with a radius

of 20 nm interacting with an hydrophilic flat sutze [30]

The relative contribution of several forces suclvas der Waals, capillary and electrostatic foltes
been experimentally studied by Ouyang et al. [3hey performed adhesion measurements of an AFM tip
on mica, graphite and MeSurfaces with relative humiditlpo/P=50% and have found that the capillary

force has the largest contribution, in all cases.
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I1-4 Forces in aqueous medium

Forces acting between an AFM tip and a surface iacueous medium can be described by the DLVO
theory Derjaguin, Landau, Verwey and Overbe€Khis theory is based on the assumption that intierac
between two surfaces is governed by the van detd/éstaaction and the electrostatic double-laypulgion
[32, 33].

The origin of the van der Waals force has beeradirelescribed. The electrostatic double-layer force
appears due to the interaction between ions ofignéd and surface charges at interfaces. For elanip
surfaces approach the concentration of ions betwsem increases providing a repulsion force [33J F

large separation distance this force decreaseqerpally with the characteristic decay length knoas the

/ ek, T
AD = ﬁ (eq112)

where ¢ is the dielectric constant, is the electric permittivity of vacuunkg is the Boltzmann

Debye length:

constant,T is the temperature is the electron charge. Tethe,Z? is the salt concentration and determines

the Debye lengthp. Hereg is the partial concentration of ions of highereralyZ,.

The electrostatic double-layer force can be catedlaising the common continuum theory based on
the Debye and Huckel [34], and also the Gouy arap@8tan [35, 36] theories.

According to continuum theory, the force betweenAdM tip and a surface can by calculated in
assumption of following boundary conditions: fiystduring the approach, the surface charges arstaan
(constant charge) and secondly, the surface patemiie constant (constant potentials).

For the tip with a parabolic shape that interadth @ flat surface in the constant potential cdnds,

the electrostatic double-layer force is given by, [38]:

27Ree,

; [2p e - (t//i +y? Jg201], (eq.1.13)
D

cp —
I:el -

whereysandyrare the surface and tip surface constant potentedpectively.

For the constant charge conditions, it gives [38; 3

27RA,

0

Fo = [20.0,€ "' + (of +0? )e‘ZD“D] , (eq.1.14)

wheressandor are the surface and tip charge densities respéctive
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These equations are valid in the case of low serfatentialsys  wr < 50mV. In addition, both the tip
radius and the separation distance must be ldngarthe Debye lengtiR(>> 1p, andD > 1p).

The choice of the appropriate boundary conditioggetids on the surfaces, on the liquid and also on
the approach speed. However, the constant poteatlitions are more suitable with the so-calledrgh
regulation model, in most cases [40]. Accordingtiiss model, a surface charge appears due to the
dissociation of ions from surface groups and comsetly dependent on the potential. This is in age#
with experimental data for which the surface chasgeften dependent on the pH of the solution amdhe
concentration of the ions.

Despite several limitations, the DLVO theory prasdc satisfactory description of the electric deubl
layer force in aqueous solutions for monovalenissatl concentrations below 0.2M and potentialsJeeio-
80mV. For example, it is appropriate to describedatermined surface charge such as oxides, mica and
biological macromolecules.

This theory is not consistent to describe imagethéncase of a small separation between interacting
surfaces. In fact, the finite size of ions is netgel and the distribution of their charge is coesd as
continuous. Between two hydrophilic surfaces sdpdrdby distances of 1-3nm, repulsive forces appear
which are related to strong charge-dipole, dipdpei@ or H-bond interaction of these low energyfaces
with water. These forces are called hydration feraed they are measured for surfaces such as mica,
alumina, DNA, proteins etc... demonstrating a sharge behaviour [13]. In contrast to the electrastat
double-layer force, increasing the ionic concergraprovides increasing the strength of hydratiorcés
and their range of actions becomes more extended.

Interaction between two hydrophobic surfaces inew#t characterized by the so-callegtrophobic
force This force has a decaying attractive character ianstronger than the van der Waals interaction,
between solid surfaces [41, 42]. In many experisieshort- and long-range attraction components are
observed. Short-range component is characterizezhbgxponential decay length of 2-6nm, whereas-long
range may reach 100nm [43, 44].

Several theories have been proposed to explaim#tere of the hydrophobic force. Acceptable
agreement between theoretically predicted and @rpetal hydrophobic forces gives the so-called
nanobubbles hypothesis. According to this theomphites form bridges between the hydrophobic sustace

However, it was shown that such mechanism occuysiothe long-range hydrophobic attraction [41].
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lll - The AEM principle

The AFM is based on the detection of a tip-sampleraction force. To determine the interaction, the
AFM measures the deflection or the resonant frecypei a cantilever in a static or a dynamic regime,
respectively. In both cases, the probe deflectowaell as the probe frequency response must beurszhs
with sufficient accuracy to achieve the expecteblion.

The interaction potential between the tip and t®Ee includes contributions from different forces
described in details in previous section. Thesee®rexhibit power law dependencies on the tip-sampl
separation. It is necessary to know which forcesiavolved in the interaction process to contranth
However, the tip behavior is defined by the fordms, also by its shape and by the medium betwéeant

surface.

[l -1 The cantilever and the tip

The probe is a key element of the AFM. It considta tip attached at the end of a flexible canglev

(Figure 1-7) and its mechanical properties are tiy@asponsible for AFM performance.

Figure 1-7. An atomic force microscopy probe (regtalar cantilever)

Commercial cantilevers are manufactured from atalyse material, typically from silicon or silicon
nitride. The tip is characterized by its shape a# as its electro-chemical and mechanical progerii he
curvature radius of the tip is determinant for thsolution and the tip angle defined the probe Gisg@gio
i.e. the ability of the tip to precisely follow rgh surfaces. The cantilever is characterized bsnéshanical
properties such as the spring constaand the resonance frequengy which can be calculated from the
cantilever dimensions and material properties.

The elastic deformation of the cantilever is usedneasure the tip-sample interaction. According to
the Hook’s law, the deflectionis approximately proportional to the applied foFce

F=kz (eq.1.15)

wherek is the stiffness of the cantilever.
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For homogeneous rectangular cantilevers with ataahsross-section, the spring constant can be
calculated using (eq. 1.16):

_F_ Ewt®

k
z 43

(eq.1.16)

whereE is Young's modulusw, tandL are the cantilever width, thickness and lengthpeetively
(Figure I-7).
In practice,V-shapectantilevers are also used (Figure 1-8). Accordm@ader [45], such cantilevers
are more mechanically stable and more sensitivatéoal force, and their spring constant can beesged
as:

k= E2v|\_/3t3 (1+4b—V\3,3] (eq.1.17)

whereb is the distance between levers.

g b

Figure 1-8. An atomic force microscopy probe (V4sd cantilever)

The stiffness of the cantilever determines its masbd frequency and sensitivity. According to the
equation (1.15) a stiffer cantilever bends lessHersame force and consequently has a reduceitivigns
The movement of the cantilever in air or vacuum barapproximated by a point mass on a massless

spring and then the resonant frequency can be &squieas [46]:

Vg =——q|— (eq.1.18)

wherem* is the effective mass.

A high resonance frequency is responsible for itme tresolution of an AFM or in the other words,
high resonance frequency makes possible AFM scgnmith higher velocity [47]. On the other hand, the
resonance frequency should also be as high asfmssiavoid the influence of external vibratiomslanoise
[48].
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Usually, cantilevers are coated on the reflectide svith a metallic layer to increase their refieity.
This means that any variation of the temperatureh@mical environment of the cantilever provokes a
bending of the cantilever as for bimorph stackedenms. Slight difference in surface stresses detad
uncontrolled drift of the cantilever deflection whican confuse measurements [49]. To reduce tlite dri
optimal design of the cantilever should be chosepractice, it implies a compromise between dinmms
and materials. The cantilever geometry can alsg alaimportant role depending on the applicatiam, f

example V-shaped cantilevers are often choserctease lateral stability.

I11-1-1 Calibration of the spring constant

Nowadays, commercially available cantilevers argallg calibrated by manufacturer. However, exact
values of the stiffness are often required for hpglecision measurements such as quantitative force
experiments.

As it was already shown (equations 1.16, 1.17)spveng constant can be calculated knowing material
properties and geometry of the cantilever. Howeresl characteristics of the cantilever are notgquer For
example, the thickness is not homogeneous and Yeumgdulus of a thin layer can differ from thattbé
bulk material [50]. Theoretically calculated sprimgpnstants are often different from experimentally
determined ones [51, 52] and absolute values obpinimg constant should be determined for quaivéat
measurements.

The most popular methods to measure cantilevengmonstant are the Cleveland method [53], the
Sader method [54], the thermal noise method [5%] #ie method of calibration by using a reference
cantilever [56].

The Cleveland method consists in adding a knowrsraithe end of the cantilever and measuring the
resulting shift in the resonance frequency [53]tHa Sader method, the spring constant is detedhtiye
using the quality factor and the resonance freguenben knowing the length and width of the cantle
[54]. In the approach proposed by Hutter and Befd{85], the spring constant is calculated by rmeag
the intensity of the thermal noise induced by th@rfluctuations of the cantilever. The convenieatyws to
use an already calibrated cantilever as a referendetermine the unknown spring constant of aileaet
[56]. This method is relatively easy but it impligee calibration of the reference cantilever. Thiésee
methods give good precision in measurements but timply some complexity in achievement. The
Cleveland method requires to precisely determieenthss of the particle fixed to the cantilever. Baeler
method is dependent on geometrical parameters, asachon constant thickness of the cantilever, for
example. The thermal noise method is the most camuosed because it does not require any external
manipulation with the cantilever. Nowadays, thistmoe of the cantilever calibration is implemented i

many commercial AFMs.
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I11-1-2 Cantilever deflection measurements

Far from a surface, no force acts on the cantileliee tip-sample interaction changes the cantilever
position which can be measured.

Historically, the first detection method was progoddy Binnig et al [12]. It consists in usi®IM
probe for deflection measuremerdt the AFM cantilever. However, this approach wed widespread
because of its limitation to conductive cantileyetise high contamination sensitivity and its design
complexity. For the measurements of small cantileigplacements, aoptical interferometecan be used.
This method provides a high accuracy in the cardilaleflection detection via the wave length [58]. 5
Deflection can directly be registered wijilezoelectric cantileverSuch instrument does not require external
detection mechanism, it is particularly useful dpiplication with limited space [59].

The optical lever method is the commonly used aggrdor cantilever displacement measurements.
Today, most of AFMs are implemented by this inexgpantechnique. A collimated beam from a laser éiod
is focused at the end of the cantilever, on theside, and the reflected light is registered byoaitpn
sensitive detector (PSD) (Figure 1-9).

Laser

Cantilever

Figure 1-9. Optical lever detection technique

The position of the reflected laser beam is usuddtected by a four-segment photodetector, allowing
the detection of the cantilever movement alongie@rtand horizontal directions. The bending of the
cantilever leads to a shift of the laser spot whibhnges the signal on the segments proportiobaltiie
cantilever deflection. A lateral shift is causedtbg torsion of the cantilever in presence of etifshal force.

In both cases, this system assures high sensiawlysufficient stability, however the cantilevefldction

should be relatively small in order to provide tegector operation in linear regime [60].

I11-1-3 Resolution and limits of AFM

Topographical AFM image is a 3-dimensional représen of the sample surface which therefore

can be characterized by lateral and vertical réisolu

24



In most cases, the lateral resolution is determimethe tip characteristics, the tip-surface intéca
and elastic properties of the sample. Real AFMhignge a finite curvature radiusind anglex, consequently
the point of contact is not always at the apexhef tip. It leads to broadening effects which mastifey
overestimated lateral dimensions of small surfaegures (Figure 1-10) [61].

Figure 1-10. Influence of a finite tip size in AFMeasurements.

The scanning lines are different from the real ifeaif the feature [61].
For idealized tip and sample geometries, the intgagenror can be obtained by geometrical

construction. Scanning on a rectangular objectidthww and height by a tip with a curvature radius> h,
produces a topographical image with an apparerthvaitithe object of:

W=w+ 2v2rh —h? (eq.1.19)

When a cavity is scanned, the apparent depth endy:
W
h:Ecota—r(csca—l) (eq.1.20)

The vertical resolution is mostly limited by therhfluctuations. For the optical-lever detection

system, the cantilever thermal noise can be estiiriay the expression [62]:

[4k,T
z=,|—— 1.21
% (eq.1.21)

For example, for a temperature 295K and a cantilever spring const&s40N/m, the thermal
fluctuations are of the order of 0.01nm. It medred the AM-AFM may provide vertical resolution aft@m
or better [63].
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Albrecht et al. have shown that the uncertaintyhef frequency caused by the thermal noise is given

by the following relation [64]:

2\ _ GoKgTB
@)=~ ok

whereB is the detection bandwidth, aAds the amplitude of the cantilever oscillation.

(eq.1.22)

The minimal force gradient that can be detected is

1/2
d:min = (4kkBTBj (eq123)

wQA’

For low temperatures of the order of some Kelvats. (1.22) and (1.23) giviw ~ 1.0x10°s™* and
OFmin ~ 2.3x10" N/m. It is remarkable that the sensibility of thentilever is inversely proportional to the
oscillation amplitude. This (eq. (1.23)) shows tbptimal conditions correspond to high quality éacliow
temperature (thus in UHV, in FM-AFM at 4°K) [65].

[1I-2 Atomic Force Microscope operation modes

The operating modes of an AFM are often defined¢@gact or non-contact (NCM) modes, in the
literature. In contact mode, AFM operates in amegof static force measurements in the repulsivegia
the surface potential. Non-contact mode is defimgdn operation in the attractive part of the ptigdnThis
regime provides a higher sensitivity in detectimgali attractive forces and prevent the cantilevemf
jumping-to-contact (unless such regime is not gethle operator). Interaction regimes of both AFMdes

are illustrated in Figure 1-11.

Tip is in hard contact
with the surface;

repulsive regime Tip is far from the

surface; no deflection

'y

' Tip is pulled toward the
" surface - attractive regime

Probe Distance from Sample (z distance)

Figure I-11. Interaction regimes of different AFMbdes [4]
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[11-2-1 The contact mode

[11-2-1-1 Imaging

In this operation mode, the tip is in continuoustaat with a sample surface. At such small separati
distances, the interaction potential has a stromgpulsive character resulting from the Pauli esidn
principle, when the electronic orbitals of tip asaimple overlap. When the tip is scanned on theseythe
deflection of the cantilever changes with the tappyy of the sample, leading to a different valfiehe
force. Thanks to the feedback loop, the tip surfiistance is adjusted to maintain the applied fatce fixed
setpoint value. The adjustment of the distanceerfopmed by applying voltage on the Z piezo ceramic
translator. Thus, an image is obtained by scanttiadip at a fixed applied force (setpoint). Vaadatof the
tip-sample distance reflects the topography of shmple. For an analytical description, the cargiterg
supposed to be placed horizontally aloraxis and the force acting on the probe is appbeithe end of the
cantilever in vertical direction. It is also assuhthat the cantilever deflection is measured bycaptever
method.

When the probe is affected by the action of theséimple force, the cantilever bends and its dedlect
is detected by the optical lever. If the force mgton the cantilever changes during a period oé tmuch
slower that the period of resonant oscillationshef cantilever, then this force can be considesed static
force. In the static force regime, the elastic oasie of the cantilever, at a given positiris related to its

torqueF(L-X) according to the following relation:

d?z

El
dXx?

=F(L-X) (eq.1.24)

wherel is the moment of inertia.

Resolving this differential equation with the boang conditionsZ(X=0)=0 anddzZ/dX(X=0)=0for a

rectangular cantilever gives:

F(iys X°
7= [1x2- % 1.25
2EI( 3 j (€a-1.29)

whereE is the Young’s modulus of the cantilever material.

Usually, the laser beam is focused at the endeot#mtilever i.eX=L. Substituting it in eq.(1.25) and
knowing that for rectangular cantileviewt®12, the cantilever deflection can be expressed as:

3
z = 4FL3
Ewt

(eq.1.26)

hereL, wandt are the length, width and thickness of the cargilerespectively.
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The inclination at the end of the cantilever (eags) is then:

dZ. 6FL?

dXC = En (eq.1.27)
Hence, the deflection can be rewritten as:

Z, =§ 2—i° (eq.1.28)

The equation (1.28) demonstrates that the defleatieasured with the optical lever technique is
proportional to the inclination of the cantilever.

For V-shaped cantilever, the expression is more coniplici6], however often it can be successfully
approximated by rectangular geometry that is erpamtally confirmed by Sasaki et al. [67]. During th
scanning in the repulsive regime the interactiorcdobetween the tip and sample surface can be high

enough. It means that the elastic deformation etifnand the sample must be taken into accout [68

I11-2-1-2 Force measurements

Another important possibility to investigate thargde or tip properties is the study of interaction
between tip and sample. Such measurement is knefancg measurements force spectroscopy

In a force spectroscopy experiment, the cantileledlection is measured while the tip is approached
and retracted from a surface by the piezoelecatritstator (Figure 1-12).
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Figure 1-12. Different steps of cantilever approaetracting movement [63]

The result of force measurements is the detecticdhe cantilever deflection as a function of the Z

piezo position. In practice, the deflection is mead as a photodiode curréptp and should be converted in
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a force. It implies that the sensitivity of a “caot regime” curve should be determined, and that th
cantilever should be calibrated. Then, the intéwactorce can be calculated according to the Hoddwe
F=kz, wherek is the spring constant adis the deflection of the cantilever. The wholedgmple distance
D consists in the position of the piezo transla@pand the deflectiod, so thatD= Z+Z.

The graphical representation of the measured féricefunction of the distanc® is commonly called
force-versus-distance curee simplyforce-distance curvérigure 1-12).

The conversion of the cantilever deflection intdoece is crucial in force spectroscopy because it
determines the correctness of measurements. Howevanactice, the previously described method may
provide incorrect interpretation, when highly defable samples are used or in case of strong repulsi
force.

For the force measurement, such parameters aemiséigity and the zero-distance must be obtained
directly from the experimental force-distance cuame not indirectly by independent methods.

A force-distance curve consists of approaching raichcting parts and each part corresponds to two

regimes: contact and non-contact regime (Figurg)l-1
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Figure 1-13. Schematic representation of a foraswg distance curve

When the approach begins, the cantilever is famftbe sample and any force acts on the tip (in
assumption that long-range forces can be neglectdd tip moves toward the sample, the tip-surface
distance decreases and the deflection signal remmnhangedZ=0 and distanceD=Z;). This phase of
approach corresponds to then-contactzero force line which defines the zero deflectidrihe cantilever
(part I in the Figure 1-13).

As the tip goes on approaching toward the sampie, gradient of the attractive force becomes
sensitive to the surface. When its strength exctezlspring constantdF,:/dD > K), the cantilever jumps

from equilibrium state in contact with the surfgse called “jump-in” point), that corresponds te tbart ||
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in the Figure 1-13. This unstable regime is indubgaapillary forces acting on the tip due to thesence of
a water layer on the surface in ambient condit[68%.

From the “jump-in” point, the tip is in contact Withe surface and its movement into the surface
induces an increase of the load (linear on stiffage). It corresponds to theontact partof the force-
distance curve (part Ill in the Figure 1-13). THepe of the linearly increasing contact part cquoesls to
the sensitivitydlpsy/4Z,. The cantilever deflection can be calculated ftbedetector signal according to the
following relation: Z=lpsy/(4dlpsy/4Z;). Then, the force can be obtained from the defiecty: F=kZ.
Because the tip is in contact with the surfacedistanceD=0, and therZ,=-Z.

The contact regime of the retraction part corredpaio the situation when the cantilever is moved
backward from the surface but the tip still remdmsontact with the surface by an adhesion fopaet(1V
in the Figure I-13). During retraction, the cantée bends in the opposite direction compared tootiee for
the approach until the energy of the cantilevercwmes the adhesion force (also calledpbhi-off force)

(part C in the Figure 1-13). If the sample deforimatcan be ignored, this energy can be described as

2
— Fad

W =
ad 2k

(eq.1.29)

Then, the cantilever returns from the pull-off goiim the initial starting point passing by the non

contact zero force line (part | in the Figure 1-13)

In real situation, all solid materials are deforthealtt leads to a nonlinear dependence of the leaeti
deflection on the applied force, during approatimeans that the indentation of the sanmiplaust be taken
into account. In most cases, many materials areactaized by small indentatiah<< Z and a change in
applied forcedF corresponds to a change in the cantilever deflectiF ~ k A4Z. If the sample indentation
can not be ignored, for example when indentatioraissed by strong adhesion force, an appropriatiemo
should be used for force-distance curve descrigii6h
The difference between approaching and retractantsf the contact regime, thgsteresisis usually due
to plastic or viscoelastic deformation of the samgll]. In the case of elastic deformation, linésantact
regime should have identical slope.

The force spectroscopy is widely used for quammeatharacterization of plastic and elastic prapsert
of polymers [72, 73] and biological samples [74] ilsambient, gas or liquid media.

Another information given by the AFM spectroscogytiie measurement of adhesion and van der
Waals forces with a high resolution. Probing thiesees offers the possibility to measure sueface energy
of materials. It is the object of experimental worhen the classical method of contact angle meeasant
is not efficient [76]. This is the case when thenpke surface is not homogeneous, chemically reaaiiv
unstable in the environment of the probing liquadsd also when samples are small or patterned with

microscopic domains [76].
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The original possibility to determine surface energoy AFM consists in determining the work of
adhesion between the tip and the sample from expetal force distance curves knowing the radiuthef
cantilever tip [77].

During spectroscopy, the contact time between theahd the sample is short (order wig,
consequently, the adhesion is only due to Van deal8/forces and the measurable work of adhesion

represents the thermodynamic work of adhesign W
W, =2y (eq.1.30)

On the other hand, the tip-surface contact carobsidered as a contact between a sphere and a plane
with low deformation and low contact radius. Thém DMT model (Derjaguin Muller Toporov) can be
applied for an approximation of the thermodynamarkwof adhesion [78].

Experimental force-distance curves give the force necessary to separate the tip from the

surface (during the pull-off - the adhesion force F.), then the DMT model relates this adhesion

force Fun to the thermodynamic work of adhesion as follow:

ngh=2JTRWo (eq . 1.31)

where Fu, is the adhesion force and R the tip radius.

The expression for the surface energy can be deduced by substituting eq. (1.30) into eq. (1.31):

(eq.1.32)

The cantilever bending during the separation obeys to the Hook’s law, thus the adhesion force

between the tip and the sample is:

F.n = KIAZ (eq.1.33)

where k is the cantilever spring constant and AZ is the cantilever bending (pull-off on force-distance

curve during retraction).

In several cases, measured surface energy differs from theoretically predicted values. This is
because analyzed surfaces or more precisely tip-sample systems should be carefully approximated

by appropriate elastic continuum models (described in details in section “Interaction forces in atomic
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force microscopyy. For example, if the system is not quite correctly describeoly the DMT model, it
may be possible to obtain bettapproximation with JKR model or vice versa. In addition, the origin
of the difference between experimental and theoretical data can be related to tip geometry, non
homogeneity, morphology and plastic deformation of the sample. However, in several cases the
DMT and JKR theories lead to correct results, which are in good accordance witMaugis

approximation [79, 80].

I11-2-2 Dynamic mode

The AFM technique can be used in another modedyhamic mode. The idea of using an oscillating
regime was first proposed by Martin et al [81]. Tgrénciple of AFM in dynamic mode is based on the
dependence of the amplitude, the resonance freguamtthe phase shift of the oscillating cantilemerthe
tip-surface interaction. Depending on the operategime, some of these signals can be used astesd-
parameters to image the surface topography. Tha& madvantage of dynamic force microscopy is the
possibility to probe the sample surface withoutstipface mechanical contact i.e.rnian-contactmode that
is especially important for experiments with polyraed biological materials. AFM imaging in statiode
(contact mode) of DNA molecules or of protein meam@s was possible due to their relative rigiditg an
strong adsorption on the substrate. However, weatkdched single macromolecules were often damiaged
the tip or pushed away. Non-destructive dynamic ARddes have enabled high-resolution imaging of
individual proteins [82, 83], polymers [84] and DN&6] in air and liquids.

The excited cantilever is usually considered a®iatpnass spring and then the tip motion can be

approximated by an equation of harmonic oscillatmording to the Newton’s equation [86, 87]:

d’z My, dz
m—- +kz+ —=—=F_+F,cos 1.34
dtz Q dt ts 0 w) (eq )

HereF, cost) is the external periodic excitation force with alag frequencyw; Q, o, mandk are
quality factor, angular resonance frequency, madssaring constant of the cantilever respectivejyis the
tip-surface interaction force, respectively.

The interaction forceF, contains long-range van der Vaals interactions,riglange repulsive
interactions, adhesion and capillary forces, dbsecdrin detailsn section “Interaction forces in atomic force
microscopy”.

The response of a cantilever to a periodic exoitatian be obtained by solving eq. (1.34) [88]:
Z(t) = Acos(t — @) (eq.1.35)

where the oscillation amplitud®in function of the excitation frequency is expebss:
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F/m

Alw) = 5 (eq.1.36)
llof ~ e | + (e 1 QP12
The phase shift between the driving force and #émdilever response is then given by:
tang = W[ Q (eq.1.37)

of - of

The graphical representation of the cantileveraesp given by equations (1.36) and (1.37) is shown

in Figure 1-14.
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Figure 1-14. Amplitude and phase responses of é&imtilever to periodic excitation [89]

According to the eq. (1.36), the cantilever ostdla amplitude depends on the magnitude of the
exciting forceF,, the discrepancy between the mechanical resonfirgeencyw, and the excitation
frequencyw and the hydrodynamic dampif Q can be calculated by the thickness of the figakv/vo.

The tip-surface forcé&s includes the elastic response and the effectisenance frequency of such

harmonic oscillator depends on the gradient ofriteraction forcelF/dz [63]:

1/2
w, = [%ﬁsldzj (eq.1.38)

According to the equation (1.36), a change in ffecgve resonance frequenay, provokes a shift of

the whole resonance curve as it is shown in Figdée
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Figure 1-15. Shift of the resonance curve undduarice of tip-surface interaction gradient

The dependence of the effective resonance frequamdyonsequently of the oscillating amplitude on
the strength of the tip-surface interaction is pimciple of the signal detection in dynamic atorfocce
microscopy. On this basis, two commonly used dyoaiAf#M modes have been developed for sample
surface probing: Amplitude-Modulation AFM (AM-AFMand Frequency-Modulation AFM (FM-AFM)
modes.

In AM-AFM, the cantilever is excited at a constant frequembich is equal or close to its resonant
frequency. The detection principle consists in adag the change in the amplitude respom8ecaused by
the shift in the resonant frequendy due to the tip-sample interaction (Figure I-1%)amks to the feedback
loop, the system reacts moving the Z piezo traoslé maintain the amplitude to its setpoint valOace
again, variations of th& piezo movement acting on the tip surface separatie recorded, they reproduce
the topographical change of the surface relief @0, In this mode, mechanical and physico-chemical
information about the sample may be obtained bysoméiag the phase shift between the excitation $igna
and the cantilever oscillation [63].

In FM-AFM, the role played by frequency and amplitude arersaebtowards the AM-AFM mode.
The cantilever is excited at a constant amplitudeckv is equal or close to its resonant amplitudeis T
corresponds to a fixed setpoint frequency. Thenasbfrequency shiftw towards the setpoint frequenisy
measured (Figure 1-15) [92, 93]. The resulting imag formed by scanning the sample surface with a
constant frequency shift. The FM-AFM mode allowsniage in a real non contact mode at few nm froen th
surface, and is well-appropriate to high resolutioaging. It is often used in UHV and begins toused in
liquids [94]. The AM-AFM mode is appropriate to igiag in air and in liquids but not in UHV. In fadhe
high quality factor Q in vacuum, requires a lon¢axation time between two oscillations and then the
scanning of a whole image in several hours. [95].

Generally, the AFM modes are named contact modecbatact and tapping mode.

The contact-modecorresponds to the static mode, where the repugsaveof the surface potential is

probed (contact region in Figure 1-16). Then contact modeperates in the attractive part of the surface
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potential (non contact region in Figure 1-16) amdften associated to the FM-AFM mode. Tirappingor
intermittent modeefers to the AM-AFM mode. In this last mode, theepasses from attractive interaction to
repulsive interaction during one oscillation cyclénis means that the interaction passes from oree fw
another one. In the AM-AFM, it can be difficult ghstinguish non-contact and tapping modes and lddtai

understanding of tip-surface interaction is reqi@3, 96].

Force
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Figure 1-16. AFM operation modes with respect tdate potential [4]

The dynamic AFM modes (equations 1.34-1.38) arerdesd above in assumption that the vibrating
cantilever can be considered as a harmonic osmild@he harmonic approach implies that the tipatef
interaction induces a shift in the resonant fregyeidowever, Garcia et al. showed [63] that tipfzce
interaction is also related to an energy trandfeiaddition, the force gradient was assumed torballer
than the cantilever spring constant and independérthe separation. In most experiments, harmonic
approximation is not suitable and non-linear dyraeffects appear in the tip motion of dynamic AFM].

In its basis, dynamic tip-surface interaction isaretterized by non-linear attractive and repulsive
forces that give rise to coexistence of two staskallation states in AM-AFM [63].

The numerical solution of eq. (1.34) shows thatgentain conditions, the tip motion is described by

two different solutions, called a low)(and high ) amplitude solutions:

Z\ )y = Zo+ Ay COSEL = B 1)) (€q.1.39)

The oscillation state (low or high amplitude sadaliis determined by initial conditions, (dz/dtwt) if
tip-sample separation and external excitation fpar@metersHy andw) are constant.

The existence of single or double stable osciltatgtiate is defined by sample properties and
parameters such as the cantilever spring constanth& free oscillation amplitude. For example, astic
modulus of the sample or large excitation forcaioedthe difference between the two stable statasoist

cases, and bothandH branches merge into a single branch [63].
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The transition from one to another state is charad by a hysteresis loop on the amplitude versus

distance curve (the spectroscopic signature oAMeAFM mode) (Figure 1-17).
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Figure 1-17. Hysteresis loop of transitions betweeand H oscillation states [63]

Figure 1-17 presents two transitions at differealues of the tip-surface separation. During the
approach of the tip toward the sample, lail transition occurs (point A in Figure [-17) and BiAL
transition occurs during the retraction of the(ppint B in Figure 1-17). The step-like transitibetween the
L andH branches implies that for a chosen setpoint ang#ifs, corresponding to the hysteresis position
then the AFM operation is possible for two diffetréip-sample separations. Consequently, imagingi@cc
in theL or H state, or in an unstable regime characterizedhéywitching between the two branches. Then,
the choice of all the parameters, working frequefree oscillation amplitude, setpoint amplitudeciucial
to perform images in a stable regime [63]. An exti@myll be given in paragraph IV.

Another important ability of dynamic AFM is the giltaneous imaging of topography and sample-
related properties. As it was shown (eq. 1.37),pthase shift of excited cantilever is related psaample
interaction force. However, there are several doutions to phase shift related to material prapsrsuch
as adhesive, elastic and viscoelastic propertigheosample [98]. Therefore, AM-AFM offers a powvugrf
method for probing sample properties through meagwhase response of the interaction with theaserf

cantilever.
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[11-2-3 AEM in liquids

In previous sections, AFM experiments have beecudsed in ambient conditions, in air. However, in
some cases such as for biological or chemical egtjdins, imaging in a liquid media is preferred.M\in
aqueous buffers is crucial to obtain the morpholofjpiomolecules in physiological conditions orstudy
chemical and biological reactions in situ [84]. thermore, working in liquids eliminates the meniseund
then the capillary forces and can allow to imagmgishort-range chemical forces [99, 100], everhwit
atomic resolution in some cases.

Despite this, performing dynamic AFM experimentdiquids is complex and images are difficult to
interpret. The dynamic behaviour of the cantilawea liquid is more complicated than in air or vagu The
liquid induces a high hydrodynamic damping of thatdever which manifests by a significant decreafse
the cantilever quality facta®. Typically, Q range between 1to 20 instead of 10-500 in air Efdl® in
vacuum. On the other hand, the resonant spectrutheotantilever is characterized by several resdonan
peaks that makes difficult the choice of the dvirequency. These numerous peaks are due to azlust
vibrations and also to the coupling of normal vilma modes of the cantilever [63]. Figure |-18 m@ets a
comparison of the resonant peaks in air, vacuunligadis. The hydrodynamic effects induce an insecia
the effective mass of the cantilever leading toghit of the peak to the low frequencies (accaydim eq.
1.38) [54].

In other words, surrounding liquid with higher wasay leads to lower resonant frequency of the
cantilever [101, 102].
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Figure 1-18. Comparison of noise power spectraaiocLnum, air and water [66]

To understand the tip dynamics in liquid, one stiadlve the equation of the cantilever motion in a
fluid which is not a trivial task. The model, prgeal by Sader [102, 103] and Scherer [104] incledesact
of the liquid with the cantilever that increases dffective mass. It also considers the effecthef ftuid

motion excited by external driving force, around tfantilever. The proposed equation is expressed as
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a'w(x,t) . 0°w  _ ow
El + +a,— = F(x,t .1.40

wherew(x,t) is the transverse displacement of the cantildwgl; 1 are the Young's modulus, moment
of inertia and the mass per unit of length of thatidever respectively. The coefficieay describes the
hydrodynamic damping of the cantilever in the ldyurhe ternF(x, t) includes all forces per unit of length

acting on the tip. This model also describes thepling of the oscillation modes of the cantilever.

IV - lllustration of the AM-AFM mode: a DNA — array study

The AM-AFM mode is currently used to observe sdftenials such as biological molecules deposited on
stiff substrates, because images are relatively asbtain even by non- AFM specialist. Moreovanase
imaging can be a versatile tool to characterizepmsitional contrast variations at the nanoscalge@ally
on soft materials. Phase shifts are related to dissipated energy per oscillation [105] and provide
information on AFM tip-sample localized interactonPhase shift imaging was usually applied on
heterogeneous materials, to map mechanical prepestich as local viscoelasticity or adhesion [10}-1

However, the complexity of the tip-sample interactiwith a non linear behaviour of the oscillating
cantilever movement makes it difficult to relate fphase shift imaging to material properties [1@&fore
imaging, the experimental parameters (free amm@ita@anplitude ratio, cantilever characteristics)utide
well-defined. In that sense, acquisition of ampléwr phase versus distance curves allows to dieteitime
conditions for a good stability of the cantileved&o get a better knowledge of the interactiomreat

Several studies try to establish the relationskawben the quality of the image and the naturehef t
interaction (mostly attractive or repulsive). Thago try to link the phase image to mechanical @riogs of
the surface. In most cases, force spectroscopyeiformed on model substrates, phase imaging on
multiblock polymers.

This study is related to a DNA-array devoted toldgacal applications, which is a more complicated
system with a thin layer of organic, and then, sudterial (few nanometers) on a hard silicon sabstin a
previous work, it was shown that, DNA molecules ttigized on a DNA array could be imaged and that the
hybridized region along the molecule could be dgtished (2nm high) from the single non hybridipeat
(1nm) [110]. This was possible by imaging in the A¥M mode with appropriate experimental conditions,
in particular with a well defined amplitude ra#g/A, ~ 90%, whereds, and A are the feedback amplitude
or setpoint amplitude value at which imaging isfpened, and the free amplitude value when the leaueti
is far from the surface where no interaction occrgspectively.

Herein, we study the effect of reducing the setpaimplitude, at a fixed free amplitude and working
frequency, on topographic height and phase shiflAfhages and amplitude-phase curves. Our objettive
to link experimental conditions to expected infotimas: high resolution topographic imaging of DNA,

better understanding interaction dissipative preegsnvolved in DNA breaking on our DNA system.
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V-1 Experiment

The sample chosen for this study was a biosensopased of 25-base oligonucleotides covalently
bonded to an oxidized silicon surface by means sifame molecule layer. This entity was used asN&D
array and was previously described [110]. On tidsslystem, each oligonucleotide acts as a probecuts
with which a long DNA strand target can hybriditea previous work, we showed that isolated hykgdi
DNA molecules lying on an oligo-probe carpet carobserved.

The experiment was carried out on a Smena A AFM-KNJT, Russia) operating in air at room
temperature and at a relative humidity of 40%. Thaatilevers used had nominal spring constants of
approximately 4.5 Nify resonance frequencies around 150 kHz (149.62¢ &hia quality factors between
350 and 375. The exciting phase signal was adjustesbtain phase lags around 90° at the resonance
frequency. The drive frequency was slightly beldw= - 66Hz) the resonance frequeney149.56 kHz).

This value is close enough to the resonant freqyuenconsider thereafter a dynamic behaviour ef th
system in the case of resonant excitation but tjidielow to force the system to immediately “jumpto
the tapping state and avoid a path to a non coregone. [111].

The setpoint value §was first adjusted at 91.3% of the free amplitddg. = 22.9 nm + 0.3nm to
achieve a stable feedback. Then, 8 reduced to successive lower values up to 3Aé6.each setpoint
value, topographical height and phase shifts imagea® recorded at a line frequency of 1.8Hz (512x51
pixels). Each image was preceded by spectroscopasumements: amplitude and phase shift curves. They
were obtained by approaching the tip towards thapa from a distance with negligible tip-sample
interaction to the distance corresponding to thpaset amplitude chosen when imaging. Amplitude and
phase shifts were recorded on a reduced distangritaontact with surface and then tip contamiomtor
surface modification before imaging. For the sagasons, curves and images were successively pedorm

from lower interaction 91.3%, to higher interacti®i%.
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V-2 Discussion of experimental results

IV-2-1 The surface

Figure 1-19 shows simultaneously acquired topogiagbtand phase images focussed on a 500 nm x
500 nm area where one DNA target molecule had diged with one DNA probe molecule [110]. The
target is lying on the surface extending over thire@ imaged zone, with probe molecules also sdi the
background. Each probe corresponds to a smalldstdraround 20 nm in diameter. The islands size is
higher than expected due to the well-known tipuadiilation effect [112, 113].

These images were performed with #hg/Aqe. ratio of 91.3%. We observe a clear and noise-free
topographic image in Figure I-19a, and a phase é@miagFigure 1-19a’ that presents a low phase shift
contrastAd of 7.76°. According to literature, we assume ti@ise images are obtained in a light contact
intermittent mode of operation, (the setpoint atopk was chosen in the upper part of the low brar@h
the phase image, the low contrast is linked to akwimteraction with the surface and includes only
topographic information [114]. To obtain a signdfit phase contrast, the tip should be in strorgraction
with the surface. Then, the phase shift is reladadechanical properties [115].

Ratio values around 90% correspond to optimal walaeheight images on this system. They allow to
obtain optimum topographical information and therlear interpretation of structures. Stars on Fgut9a

depict the location where spectroscopic measurenwesite performed for each ratio.

00um 0,1 0,2 0.3 0.4 0,00 pm 0,20 0,40

Figure 1-19. Topography (a) and Phase (a") AFM iesagith the A/Aye. ratio of 91.3%.
Spectroscopy points are marked by stars “*”.
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IV-2-2 Amplitude versus distance and phase versudsiance curves

Figure 1-20 presents the spectroscopic curves peed before each image. The curves are plotted
between two limits which correspond to the free Eomgbe and a value slightly below the setpoint atagk.
The curves corresponding to the ratio of 91.3% @@saon Figure 1-19) was not plotted becaig@nd Agee
are too close and the curves are not really saamfi The first curves correspond to a ratio o0B%3and
then the ratio was progressively decreased fofdth@wing curves up to 3.1%. We, deliberately, ahds
successively realize the analysis from a high aogidi ratio, corresponding to a weak interactiora fow
amplitude ratio, corresponding to a strong intéoactThus, we limit the contact of the tip with therface
and then the degradation of the sample and theucmation of the tip before the acquisition of ireagt
each setpoint.

All the spectroscopic curves were carried out atdaame place on the sample. They were recorded on
three different points: on the DNA molecule, on tilép and on the structure at the right bottomhaf t
image. These points are depicted by stars in Figlife Similar characteristics were obtained orséhthree

points and thus only the one performed on the Diansl was reported.

Figure 1-20 allows to follow the evolution of theirges, for both amplitude and phase versus tip-
sample distance. These characteristics are repatiserof the non linear dynamic response of thdilever
with 4 different parts:

- A first gradual decrease of the phase and angdittalues versus the distance corresponding to the
low branch, (mostly attractive interaction reginim Figures 1-20a, I-20b. Some noise appears en th
phase curve near the setpoint value (Figures [-20&200b").

- A levelling of transition region between the tlmanches is observed for the amplitude, in Figure |
20c. It corresponds to a moderate fall and a sigarsion of the slope for the phase, in Figured-20

- A second gradual decrease of the amplitude atbaghigh branch (mostly repulsive interaction
regime) in Figures 1-20d — I-20f and a sharp risthe phase slope in Figures 1-20d’ — I-20f".

- Finally, the amplitude carries on its decreas€&igure 1-20g and the phase slope reaches a plateau
beyond the setpoint value, in Figure 1-20g’. Aletketpoint values corresponding to the differemtes

were reported by dots on these last curves.
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Figure 1-20. Amplitude-vs-distance (a-g) and Pheselistance (a’-g") spectroscopic curves
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IV-2-3 Topographic and phase shift images

For a specific ratio, both topographic and phassgies were performed after spectroscopic curves. All
the images were done on the same area. In ordeEst® comparison, the original images have beepedip
(Figure 1-21).

The As/Aqee ratio is successively decreased from 34.9% to 3.B&ore 34.9%, no particular
evolution of the images was observed. They looketdlar to the topographic image for a ratio of 96.3
presented in Figure 1-19.

Images in Figures I-21a, I-21b and I-21c were aequat 34.9%, 22.6% and 11.7% respectively,
which correspond to the bottom of the low branchitmnamplitude versus distance curve (Figures |-20a
20c). Compared to Figure I-21a, they appear ndissome places. The noise manifests also on theephas
shift images (Figures [-21a’ — 1-21c¢’), at exadifye same location of the corresponding height imaige.,
close to the main features (for example: alongDh&A strand). On the phase images, the colour ftdles
Ad extends nearly to the total range of 173.2°, 184ld 166.5° for Figure 1-21b’ and Figure 1-21c’,
respectively. This noise is representative of inifitg of the tip during scannindAs the tip locally touches
the surface, on the elevated features, the phassiahlly changed, jumping from repulsive to atiixac
mode. It appeared in our fixed experimental coodd#j because the feedback loop which tries to keep
amplitude constant, responds by re- retractingptiobe from the sample, in order to increase thelesigt
decreased amplitude to the fixed setpoint valués iRstability is also visible on the phase curiiéigures |-
20a’- 1-20c¢’), and may correspond to the entryha zone where the two branches coexist. Lee dtlé] [
have shown that for large free oscillation ampktuthe coexistence of different solutions gives tis the
presence of two stable states and one bistabke Jia¢ phase more sensitive to the repulsive ragionisy
for these setpoint amplitudes (Figures 1-20a’ -0¢*2 The fact that line breaks were observedhatdame
places, on both images, height and phase, indithééshe amplitude and the phase are not indepénde
This phase contrast may be related to phase junsalcompetition between the attractive and regils
forces and is not due to dissipation [108].a remarkable review article, Giessibl estimatteat instability
can occur when the product of k and A reaches @evaf roughly 100nN [117]. In our study, this opaim
value is attained with our fixed parameters and egslain these break lines on the image. Obvioukig,

instability can be avoided by choosing appropnatees of k and A.

Figure 1-21d was acquired at the transition regietween low and high branches for agy/#Ay.e of
9.1%. On the topographic image, characteristigésmshow up around the main features whereas e ph
image is particularly well-contrastedd( =147.1°) and faithfully reflects the sample featutFigure 1-21d").
However, there is a phase inversion on the prdbeds: they appear as phase “holes” in Figs |-2hae
phase “hills” in Figure 1-21d. Such observationdringes and phase inversion — are well-described in

literature at the transition region [105, 106].
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Figure 1-21. Topographic (a-g) and Phase shifg(aimages

The probe islands have only little topography gqm aod have a height smaller than the level shift. |
that case, the contrast may be reversed, callegrsal contrast”. This phenomenon does not appedne
higher DNA features because their heights are giobaher than the level shift [105].

After this turning point, images were acquiredhe high branch, mostly repulsive region, with ratio
of 5.7%, 4.7%, and 3.1%, respectively (Figures é-gL. The system recovered its stability, the noise
previously observed in Figures I-21a- 1-21c disappd. Relatively high quality topographic imagee ar
obtained without reaching the quality of the 91.8%0 one. The phase images are still represestafithe
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surface but with a lower contrast than the one oreassin Figure 1-21d’A¢ = 87.3°, 80.7° and 83°, for
Figures I-21e’-1-21g’ respectively).

Note that, a too great amplitude reduction couttbge the breaking of the DNA strand by the tip as
shown in Figure I-21f. However, the tip could simflage the surface without broadening featureaduwaing
noise as can be seen in the following image fatia as low as 3.1% (Figure 1-21g). We only obsdrtres
displacement of the disrupted part of the DNA. @& high branch, the tip is touching the surfacesceach
oscillation cycle. The time spent in contact witle tsurface increases with the decreasing §A4\. ratio

and is maximal on the largest and elevated pahieoDNA where the breaking occurred.

V-3 The dissipative energy

As the Ag/Ascc ratio evolves from 91.3% to 3.1%, we observe lavgdations in the phase shift
images, with a maximal contrast for a ratio of 9,lifeFigure 1-21. Different theoretical as experirtad
studies [107, 108] have established a relationbbigveen the phase shift of the tip motion and thergy
dissipated by the tip-surface forces. In theseistdhe average energy supplied to the cantilpgeperiod
is considered equal to the average energies disdigéther via hydrodynamic viscous interactionthwiie
environment Eeq) Or by inelastic interactions at the tip-sampleiface Egs). According to the references
[108] it leads to the following expression:

A, | QE,
WAee  TKE (oA,

sing = (eq.1.41)

It shows that phase shifts are exclusively assediad inelastic processebs{Aree = constant) in

amplitude modulation AFM. Faw= a, the previous equation can be rewritten in a ncorapact form:

— A%p Asn
E =(sing -———)—F, , (eq.1.42)
’ ( ¢ Afree) Afree
with F, =% (eq.1.43)

In Figure 1-22, the dissipative energy curve is el by applying equation (1.42) to the data
presented in Figure 1-20g’'.
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Figure 1-22. Dissipation energy calculated faf/Ay.. ratios from 91.3% to 3.1%

The particular ratios at which images were perfatraee depicted by black dots. This curve is in
agreement with those presented by Garcia et al][lll8e area enclosed by the loop represents the
dissipation. This shape is due to competitive ¢$fgt18]:

- The increase of energy dissipated in the samplenvthe amplitude ratio decreases from one unit to
0.5 because the interaction is increased.

- A reduction of the dissipated energy when thedipface separation decreases. A reduction of the
tip-surface distance will imply a reduction of tfoece—distance area enclosed by approaching cufves,
in our specific experimental conditions, the madimalue of the dissipative energy, ~ 33eV per cycle
corresponds téVA, ratio of 50%. Curiously, the optimal height imagred the optimal phase image were
obtained for amplitude ratio 91.3% and 9.1 % reSpely, corresponding to roughly the same dissgpati
energy of 11eV.

Garcia et al [118] performed study of dynamic giaion on samples with well known mechanical
properties. It allows to associate characters efrggndissipation which determine the curve shapgpto
sample interaction regime and mechanical propertieshe sample. They used silicon surface and
polystyrene in polybutadiene matrix. Simulated i(sdine) and experimental (circles) curves shown in
Figure I-23a correspond to silicon surface whemethe not mechanical contact between tip and serfébe
curves in Figure 1-23b were also measured on silgarface where there are surface energy hysteaedis
long-range interfacial interactions. The dissipatimurve shown in Figure 1-23c is made on polystgren
surface and present a quite similar symmetry aguine in Figure I-23a. As it can be seen, theiplt®n
processes may considerably differ even on the ssumiace of silicon (Figures 1-23a, b). This can be
explained by different tip-sample interaction regénlong-range attractive regime in the case ofir€id-
23a and the transition between attractive and samuregimes of interaction for the Figure I-23mwéver,
obviously different mechanical properties of silicand polystyrene are not visible on quite similarves in
Figures 1-23a and |-23c [14].
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Figure 1-23. Energy dissipation curves with theispective derivative curves obtained for silicorfate
(images a, d; b, €) and polystyrene in polybutagli@atrix (images c, f) [118]

Actually, these curves in I-23a and [-23c corresptm two different interactions: long-range and
viscoelastic interactions respectively. This watedrined thanks to the identification method preabby
Garcia et al [118] which consists in the calculatad the derivative of measured dissipation ensrghe it
can be seen in Figures 1-23d, e and f, the devi@athambiguously distinguishes each dissipativegs®.

In order to determine which interaction regime ésponsible for dissipation processes in our
experimental system, the derivative of the cunesented in Figure 1-22 was calculated using algorithat

takes eight adjacent points. The derivative ofiped energyEqisdo(A/Ay) is plotted versus the amplitude
ratio A/A, and represented in Figure 1-24.
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Figure 1-24. The derivative of the dissipation eyecorresponding to curve shown in Fig22

As one can see, the derivative curve in Figure Ik&gks similar to the curve in Figure |-23f.
Consequently, it can be concluded that the dynaisgipation process of our system is mostly defimge

viscoelastic tip-sample interaction. However, tteivchtive in Figure 1-23f corresponds to a polystye
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sample which can be broadly considered as a pesfatiple with given properties. In our experiment,
dynamic measurements were performed on a samplpasad of some hybridized DNA strands lying on a
DNA single strand layer covalently bonded to aceii surface by means of a silane layer. Then, these
conditions are far from ideal model conditions. iDgrone cycle, the tip interacts with a smooth ta§&NA
and silane) and can reach the stiff material @f)cThis fact is responsible of the second localimum in
the experimental derivative curve at arouwid, ~ 14% (Figure I-24). Under this point, the chan@e¢he
dissipation energyEgisJ0(A/A;) begins to increase again until the moment whenOiN& strand break.
Namely, this increase which correspond#td, ratios from 11.7% to 3.1% can be explained byftice that
under A/A, ~ 14% the increase of tip-sample interaction fajdecrease of/A)) leads to a larger DNA
indentation. This provokes a larger plastic defdiomand consequently, larger dissipation lossdsgs T
ultimately causes the rupture of the DNA molecwoledA/A, below 4.7%.

The derivative of the dissipation energy (Figui@4)-explains why the breaking of the molecule did
not arise for the maximal energy of 33eV but faratue of 6 eV more than five times lower (Figur22ly.
The reason is that arouddA, = 50% (which corresponds to maximal energy of 33#¥ energy losses
OEqiss per one oscillation cycle are not significanEdsJ5(A/A)) ~ 0). However, for A/A = 4% (which
corresponds to maximal energy of 6eV, the energyde become considerabi&{sJo(A/A)) ~ 60).

Since the sample can appreciably be deformed dugpglsive tapping, it is interesting to see if any
compression of the DNA can be observed, when dsioigahe A/Aratio. A dependence has been observed
by Round et al [119] in particular demonstratindezrease of DNA height from 1nm to 0.46nm for DNA
adsorbed on mica.

In Figure I-25, we reported the DNA height measua¢dhree different locations (on hybridized

zones).

DNA height vs Ediss
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a b
) Figure 1-25. Measured DNA he)ights as a functiosetpoint value. b) experimental sample, zones of
measurements are marked by arrows; b) measurektfé@igcorresponding zones
In our case, there is almost no difference in thgeoved height of the structures on the left anthen
right from the central part which corresponds tdrdized zone of two DNA molecules. The reason is
probably due to the fact that the substrate matand the DNA structure are deformed equally m@@he

should remember that the hybridized DNA is lying @rDNA- silane layer and not directly on a stiff
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substrate such as silicon or mica. However, théralepart (marked as “center” in Figure |-25a) ffeeted
by increased load for correspondifAf, ratios from 91.3% to 4.7%. This deformation copaels to 33%
in comparison to initial height of 6.74nm (decreds®Em 6.74 nm to 4.5nm). For th&/A, = 3.1% the
hybridized zone was almost totally broken and thddecause for this ratio only the heights of 8ngNA
strands (“left” and “right” markers in Figure I-2blwere measured. It is worth to note that the mesasu
heights in Figure 1-25b (it relates more to thetcnand located on the right zones) are largen @am.

This indicates that the hybridized zone involvesertban 1 double-stranded DNA molecules.

V-4 Conclusion

We have studied the dependence of the phase shifth® tip-surface separation, interaction regime,
cantilever properties and excitation force. Phdsft data depend on the sign of the average vafube
interaction force. Consequently, they can be usecharacterize the interaction regime controlling tip
motion. Using intermediate oscillation amplitudasd relatively soft cantilevers, we showed that, disstem
could present instabilities that induce noise amithages and contrast artifacts. This noise isemtesn a
large part of the high branch. The setpoint amgéitshould be chosen carefully towards the free i@l

to obtain noiseless height image and charactentacse image. As expected, a setpoint close tdrélee
amplitude gives the optimal height image, and clws¢he phase slope change gives the optimal phase
image. We also showed that the phase shift imagesaa always correlated to energy dissipatiorfait,

the energy dissipation is very low in our systemDA strands lying on a DNA chip, and the maximal
phase contrast is obtained for a setpoint correfipgrio the start of the low branch where the reipsl
interaction appeared.

We demonstrated that by converting phase shiftsth dissipation energy it is possible to folldwe t
dynamics of dissipation processes during scannarg] from the derivative of dissipation energy,
information about the tip-surface interaction reginCompositional contrast of images is illustratsd
imaging conjugated molecular islands depositedilicos surfaces. Because the maximum in the energy
dissipation curves is about 30eV per cycle, mdtecantrast may be achieved without introducing

irreversible tip-surface modifications.
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V - Statistical analysis of the AFM images

Scanning probe microscopy such as STM or AFM giferimation of the surface topography and this
information have to be quantify by parameters. &efroughness is one of the most important chaistate
of a surface and plays an important role in thefional performance of many engineering componérits.
importance of the relationship between surface asicucture of a thin film and its functionality Wibe
discussed for pentacene based OFETs in Chapter 2.

The term “topography” represents all spatial sticectof irregularities that exist on a surface. The
roughness consists of the closely spaced peakvallays with a typical roughness height and a tspic
roughness spacing. Roughness is usually producdideblyasic forming process of a surface and, tbexef
has characteristic structure related to this pc@dten, the terms surface roughness, surfacegtapby
and surface texture can be used interchangeabliallysif we talk about topography we principalfer to

the roughness itself.

In general, surface topographies are highly compdard statistical by nature, because the
characterization of such a surface requires sstitati description.

Surface roughness can be described by varietychhigues based on different physical principles of
measurements. In addition, measured data may bemegsed and presented by various ways. There are
basically two general methods of description:

- Parameters that quantify some aspects of the susiatistic with a single humber (such as root

mean square RMS roughness),

- Surface statistical functions (such as power spkedansity PSD).

Many of these statistical parameters and functimve been developed previously for the charactavizaf

random processes.

V-1 Surface statistical parameters

Roughness is often described as the variation ightein regards to a reference surface plane. A
convenient way of describing the roughness isimseof profile heighh(x, y)in each point of coordinates
andy of the surface.

The roughness of surfaces carried out with AFM fiero expressed by commonly used statistical
parameters such as peak-to-valley rough(igsp average roughnegR,) and RMS roughness(R;), which
represents the root-mean-square deviation of tiyhthef a surface relative to its mean value. Fdigitized

image of NxM pixels with a given heightin each poink, andy, , these parameters are defined as follow:
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va = hmax - hmin (eQ-1-44)

1 N-1M-1

NM o5 =

0%y, V) =1 (eq.1.45)

ZZ[h(Xn Y) — I )2 (eq.1.46)

n=1 m=1

whereh is the average height defined as

1 N-1M -1

NM Zzh(xmym) (eq.1.47)
n=1 m=1

h =

ParameterRR, and R, are both useful for describing the average hesftiie surface profile and are

widely used for general morphology control.

However, these statistical representations prouiflemation only on the vertical deviation of the
roughness profile and do not take into accountatezal distribution of the surface features. Ingml, these
parameters are insensitive to small changes inl@gdometry and also to intrinsic properties & profile.

In these cases, the information about roughnegsepies is represented by a single number and cahen
considered as complete. For example, two imageiffefent surface morphologies may exhibit exattig

same RMS values [120, 121].

V-2 Surface statistical Function:PSD

V-2-1 General description

Both vertical and lateral information can be reachg spectral and correlation techniques based on
Fourier transformation. In particular, a more coetpldescription can be provided by the power salectr
density (PSD) of the surface topography. PSD fongberforms decomposition of the surface profite its
spatial wavelengths and allows comparison of roeghrdata taken over various spatial frequency gnge

Such methodology also offers a representation efdihect space periodicity and roughness amplitirde.
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this way, PSD functions contain information abowb tgeneral aspects of the surface roughness suitte as
variations of height from a mean plane, and therdtdistance over which this variation occurs [122

Therefore, PSD describes a surface much betterttieaRMS roughness.

To determine the power spectral density of theasmerfoughness, the variations of heigtxy)in real

space of AFM image can be transformed in recipriveguency space by the Fourier transform (FT) [123

F(k,.k,) = (ﬁ)szth(n, m) x exp{(%)(kxn + kym)} (eq.1.48)

n=1m=1

where L is the scan size, N is the number of pigelsline k, andk, are the reciprocal position vectors for
each point in real space.
Then, the two-dimensional power spectral densitthefFourier transform of the topograpx,y)is

defined as

PSD(K, k) :é‘F(kx,k i (eq.1.49)

However, this two-dimensional information is compbnd for the interpretation of the measurements
difficult to reach [124]. In order to facilitateghanalysis concepts, we will take into account dhéy/surface
profiles measured along the AFM fast-scan direcfidiis goal can be reached by extracting a 1D ntagei
of the 2D transform. As a result 1D PSD can betgdbin function of the spatial frequencies:

PSOK ) :%(Z h(n) xexp#km)} :%(F(kx))z (eq.1.50)

This one-dimensional spectral analysis providesoadgrepresentative description of the overall

surface roughness.

Another useful representation of the 2D reciprogadce is the radial PSD (rPSD). In the rPSD
description, the angular average of the 2D powectspm is taken, using the radiks, In the reciprocal
spacek, is the spatial frequency, normalized by the nunafguixels used to define the radius. The resulting

1D PSD is expressed as a function of radial fregesk, (eq. 1.51):

1 2
PSD(k,) = F‘F(kx, ky)‘ (eq.1.51)
where kg =k? +k;.
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The radial PSD (eqg. 1.51) is a more rigorous toolklie analysis of anisotropic surfaces than the tw
dimensional PSD because it takes into account tneelation heights for all angles and not only one
direction (eq. 1.49) [125].

As it was mentioned above, real surface roughnessrdom and statistically disordered [126]. A
surface profile can be considered as a superposifigpatial waves with increasing frequenciesemeard to
the multi-scale nature of roughness. In terms actal geometry, it has been demonstrated recedrdlythe
fractal geometry and scaling concepts can destheaough surface morphology [127, 128]. The s@fac
morphology at different scales is believed to desmilar and related in the fractal geometry jm@another
words, the symmetry of the surface is unchangetiffarent scales. The ability of fractal analysesktract
many different types of information from measuregttires compared to common, conventional analyses
makes this approach very useful in describing serfeharacteristics of thin films. Several studieseh
demonstrated that the complexity of thin film masfdgy were fractal in nature, and can be charadri
guantitatively by the fractal strengths and th&inehsions as well [127, 128].

Therefore, the PSD is useful for studying the gtierof various periodic components in the surface
profile.

The PSD spectra calculated from AFM images inclialeghness values in a limited bandwidth of
spatial frequencies. This range is determined bgtlescale and sampling rate in general casesdtedn be
additionally restricted by the influence of measueats artefacts.

The spatial frequency range lies between the ievienage siz€l/L) and the high-frequency limiit,ax
= N/(2L) (the Nyquist frequency), whehl¢is the number of pixels per scan line.

Figure 1-26 presents a typical PSD spectrum ofrafttm deposited on a bulk substrate.

All power spectra exhibit three distinct regiorepnesented as parts I, 1l and 111

— The region | includes the low spatial frequeneubsch correspond to a nearly constant value of the
roughness. This low-frequency plateau means amabsef correlation (it does not change with thdegca
and indicates an absence of any characteristi¢Heng

— The next region Il involves intermediate frequeac For this high-frequency range the PSD is
strongly frequency dependent and represents therglaw decay. This region characterizes the meshani
of surface formation and indicates the surfaceailie behaviour [129].

— The region lll corresponds to the highest fregies of the spectrum. This range of spatial
frequencies correlates with physical dimensionshef AFM tip. Therefore, the convolution of the tipd
surface features occurs and consequently, PSDgldyhaffected by AFM tip artefacts and can not be

considered for further surface analysis.
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Figure 1-26. TypicaPSDspectrum of a thin film deposited on a bulk sudtstr

Consequently, we can summarize that the experilm&®88 curves are constant at low frequencies and
exhibit an exponential dependence at high freqesnciThis statistical function is well adapted to
characterize the roughness of polycrystalline filmith self-affine properties and will be used irapker 2

for the study of the pentacene growth on two isadgpolymers.

The scaling laws can be applied to describe thasitopography [130].

Kf, 1/f<é

whereK andA are constantg,is the roughness related exponent &iglthe correlation length.

The transition between the low-frequency platealithe high-frequency self-affine region (transition
between region8 andB) is related to some spatial frequetfigysiionthat determines the characteristic length
(&). The characteristic length() is defined as theorrelation lengthand can be calculated as the inverse of
the transition frequency between two regiods {ffiansition)-

The correlation length represents the minimum diabetween two points at the surface which are
not affected by each other. In another words, tbeetation length corresponds to the mean distance
between two grains in the case of nanocrystaliinesf In case of dense surface features, the paear
defines the mean grain diameter. Therefore, in r@g¢rEase, the correlation length describes traomsti
between physical processes involved in the sugaogution.

The classical way to calculate the correlation fler@pnsists in determining the transition frequency
fransitionIN the intersection point of the two fitting cusvef regionsA andB in the PSD spectra.

The slope ¢ ) of the region Il is related to the scaling expunef the surface. This scaling exponent

(o) describes the processes controlling the surfaogpmology during the growth and the mechanism
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responsible for the films deposition [130, 131]tsHy, the scaling approach was introduced for wngl
self-assembled surfaces. In such surfaces, thed@8be described by power-law functiB8D(f)= f 7,
wherey = 2(1+a), for distances inferior to the correlation length)( This power-low decay indicates a self-

affine behaviour, i.e., the RMS roughness L"“.
In order to determine the slope of the high-freqyeregion Il, the exponential part of the PSD was

fitted using the expression (1.52), which givesdsymptotic rangef(— o):
PSO(f)=Kf™” (€9.1.53)

The scaling exponent is equal tosd= 1) if a single slope is selected, which in mostesacorresponds

to circular shapes of grains. If the grains are megular (not circular), the slope is not uniformdax

becomes smaller than @ € 1).
However, a real sample is composed of the supdiposof surface profiles which results in the

superposition of Fourier transformations. Consetijyem the frequency domain, the influence of some
dominant sample characteristics can be separated. dan consider two dominant characteristics: the
substrate surface and the superstructure of tingfiB2].

The separation of each contribution is strongleetéfd by the magnitude of the difference between

film features and substrate which is determined bglation between the corresponding correlatiogtles

(&) (as shown in Figure 1-27)
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Figure 1-27. Superposition in blue of the PSD & thin film (black) and the substrate (redka), corresponds
to the correlation length of substrate and thimfiespectively (adapted from [13]).

Figure I-27a shows that if the correlation lengthhe substrate is ten times higher than the catiosi
length of the thin-film, a well-defined separatioh each contribution can be observed. However, real

surfaces usually exhibit a graded superpositiorh witapparent separation region that is the case for

correlation length ratio of 3 in Figure 1-27b.
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In general, the direct application of the k-cortiela model gives an approximation of the sum of the
pure film PSD and the substrate PSD [133] and apresgly only effective parameters of sample roughne
can be obtained.

In order to describe all surface roughness cortighs, the analytical models should include the

mathematical terms describing the properties osthestrate, pure film and superstructures (aggesyat

V-2-2 Analytical description of PSD

However, to interpret an experimental PSD functioare qualitatively, an appropriate analytical
approach is highly essential. Several models haen lintroduced to describe the specificities ofamer
morphologies. Basically, these models consist gir@pmation functions (or their combinations) of an
experimental PSD curve and their using is ofteritéichby some specific application areas.

For example, one of the wide used models apprepf@t PSD of a thin film is the sum of Henkel
transforms of Gaussian and exponential autocoiweldtinctions [134-136]. However, this model is not
efficient for large spatial frequencies range.

In order to describe the PSD over a large spatijuency bandwidth, the model should take into
account the roughness contribution from all featurthe surface.

In this study, we will focus on three analyticabaels which will be used to fit the experimentalDPS
curves:

- the k-correlation model (PSE).

- the fractal analytical model (P%fa),

- the superstructures (PSP

V-2-2-1 The k-correlation model

The PSD function of a random rough surface caodoweniently characterized over a large length
scale by the&-correlation modelalso called th&BC mode[137]. In fact, it gives an appropriate analytical
description of the PSD of a pure film by its fuoc@l parameteré, B andC. In this model, the PSD

function is described as follow:

A
PSDygc = (L+ BZf 2)(c+1)/2

(eq.1.54)

whereA, B, Care the functional parameters.
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Ais the magnitude at low spatial frequency, whiglates to the height of the rough surface.

B determines the position of the ‘knee’, which itated to correlation length representing the mean
grain size.

C is the inverse slope at high spatial frequencgeawhich gives the nature of the roughness and can
be related to different growth mechanisms [138p(Fe 1-28).

Typically, C=1 relates to a viscous flow

C=2 to an evaporation and condensation mechanism

C=3 to bulk diffusion, and finally

C=4 to surface diffusion.

PSD, m3

1,14 m

Figure 1-28. Fitting of PSD function by thkecorrelation model:

identification of the 3 functional parameters A,@

In addition, intrinsic roughness parametexsc andtasc Which represent respectively the equivalent
RMS roughness and the correlation length can beuledéd from the functional parameters using the

following equations:

0'2 = i T2 = M (e 1 55)
The oapc value can be compared to the RMS roughness valleelated on the whole image in the

direct space. This would allow the comparison ffedent methods of measuring of the same morphotbgi

parameter. The correlation lengtfzc gives a more precise description of the featuizs than the simple

expression oB in this model.
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V-2-2-2 The fractal model

Most of deposition processes (including chemical physical vapour deposition CVD and PVD) are
random in nature, that produces not perfectly packed disordered thin film surfaces. The approeriat
methods of analysis of such complex surfaces miakedsible to relate their structure with morphglog
evolution. One of the more effective methods is Hmalysis of fractal geometry of rough surface
morphology, which takes into account its scalingaapts and elements of symmetry. For surfaces with
fractal geometry, the symmetry means that thin fihmrphology at different scales is characterizecddf-
affinity [139]. Thin film morphology can be quardiively characterized by fractal strengths andtédac
dimensions that allow to obtain many useful infatior@about the thin film structure. It makes thigoeoach

very suitable comparing to common conventional yses.

The PSD of the substrates generally follows a &lagiodel which can be described by the inversed

power law [140]:

F)SDractal(f ’ K’V) =

fv+1 (eq.1.56)

wheref is the spatial frequencif is the spectral strength ands the spectral index.

The fractal dimensio; can be obtained from the assumption that the atbst self-affine (that is

the case for the majority of substrates [140]) isrgiven by:
1 1
D, 25(7—(|/ +1)) =§(6—|/) (eq.1.57)

To determine the fractal components, the high-feegy region (region Il) of the PSD curves
(Figure 1-26) were fitted with the PSR model given by eq. (1.56).

The fractal dimension takes into account the satesinfluence and provides the information aboet th
relative amounts of the surface irregularitiesiiecent scales.

Three fractal dimension values are significant [139

— The marginal fractal which corresponddia= 2 ;

— The brownian fractaD; = 2.5;

— The extreme fractab;= 3.
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More precisely, the fractal dimensiobs= 2 (v=2) andD;= 3 (v=0) correspond to three dimensional
thin film growth. Both marginal and extreme fractgometries can be explained by the modified biallis
deposition model which takes into account the fiin sticking probability factor (The ballistic depition
model is the model of low-temperature thin filmgtb. This model considers that particles randoralyydn
initially flat surface and thus they became parthe substrate [141]. The sticking probability deB the
probability of each deposited particle to stickhe surface in the point of first contact). Namehe case of
Ds = 2 corresponds to flat surfaces with low stickprgbability, whereas thB; = 3 is associated with high
sticking probability factor [141]. The case bf= 2.5 ¢=1) indicates the presence of Brownian fractals in
surface morphology and is related to strong depsrelef microstructure nature on deposition pararaete
[139].

V-2-2-3 The superstructure model

The real experimental thin films are often chanazeéel by the formation of superstructures
(aggregates) on the surface. Such complexity os#meple morphology manifests by the presence @il loc
maxima in the low-frequency region of the PSD cuidewever, all the above models are monotonically
decreasing functions of spatial frequency and cdrexplain these additional morphological features.

To characterize the superstructures on the sutfecsuperstructure PSD model, RS€an be used.

This model is a Gaussian function with its pealitetito a non-zero spatial frequency [142, 143]:

2

I:)SDsh( f ;ash’ Tsh’ fsh) = mslﬂrszh eXp[—]TZTSZh(f - fsh) 2] (eq-1-58)

More precisely, the superstructure model correspdada Gaussian function multiplied by a cosine,
the frequency of which corresponds to the spat&duencyfs, of the superstructures on the surface. This
frequency is determined as the shift of the PSDimam to the frequenclg, (from this implies the origin of
model name PSfi.e. “sh’ — “shift’). The other model parametetg andos, are related to size and height of
the superstructures respectively.

An example of fitting an experimental PSD curvéiwthe superstructure model, in comparison with

already discussed approaches (fractal and ABC-mjadedhown in Figure 1-29.
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Figure 1-29. Fitting of a PSD curve by the supersinire model together with fractal and ABC-modéikd]

Most of the thin-films obtained by deposition fromapor phase are usually characterized by the
presence of more than one local maximum in theflegquency range of PSD curve. Each of these peaks i
related to superstructures with differeyt and o, Inaccessible to th&-correlation and fractal models
(chapters V-2-2-1 and V-2-2-2), the mean superBiracsizers, and heightg, can be calculated through the
fitting of experimental PSD curve by a Gaussiarctiom with a shifted peak (eq. 1.58).

VI - Conclusion

Information that can be achieved from experimeAfaM images depends on method used for their
analysis. Commonly used methods of surface anafjgisinformation on sample properties in hormaitso
surface direction. However, described in PSD-metigdces access to the surface properties in two
dimensions i.e. in vertical and lateral directions.

The application of this method to AFM images is gible thanks to their high spatial resolution. It
allows their transformation into 2D reciprocal Heurspace and then representation in 1D graph (PSD
curve). Analysis of experimental PSD-curves wadqgoered with fractal and nonlinear parametrical mede
which provides exhaustive information not only be faccessible surface of the sample but also dnnies
structural properties.

Actually, the fractal model describes self-affineogerties of the surface providing its fractal
dimension which is for example related to mechare$meposition for thin films obtained by CVD metho
Whereas k-correlation (or ABC) and superstructmeslels provide information about growth mechanisms
of thin films and give quantitative description\adrtical and lateral dimensions of the surfaceuiest and
their aggregates.

All these methods complete each other and prowtauestive description not only of the accessible
surface of the sample but also of its inner stmattproperties.
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Chapter Il

AFM studies of pentacene thin films for organic fiéd

effect transistors

| - Organic Thin Film Field effect Transistors

I-1 History of Organic semiconductors

After the invention of the first transistor, in I84by John Bardeen and Walter Brattain, inorganic
semiconductors such as Si or Ge became the donmmatetials in electronics. This led to the replagem
of vacuum tube based electronics by solid statecdswvthat initiated the development of semiconducto
microelectronics, especially at the end of the ZDghtury.

Nowadays, in the first decade of the 21st Centueyane contemporaries of a new breakthrough in
electronics that has become possible due to therstaohding of a new class of materials generaligathas
organic semiconductor§he progress in this field has been driven bypéespective of their application in
large area flexible displays and light sources, ¢ost printed circuits and plastic solar cells(Rigure 11-1).

Displays:

(OLED) Crganic Light Emitting Diodes

RFID :
Organic Radio Frequency Ientification devices

Solar cells

Figure 11-1. Different applications of organic semnductors
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The organic materials were firstly discovered atodigd for their fluorescence properties when Stoke
discovered this phenomenon in 1852. The intendivdysof charge-carrier phenomena in organic crgstal
started with the experimental works on dark conitgtof phtalocyanines, in the late 1940s [2]. thie
same time, the first prototypes of organic semicatal diodes were made in anthracene crystaldM@ie
intensively in the 1960s, the basic processes wedblin charge carrier and optical excitation of the
molecular crystals were investigated [3, 4]. Thesgnic electroluminescent diodes were made intalg/s
of some hundred micrometers to several millimeierhickness and thus, needed a high operatinggelt
Moreover, no satisfying operating stability was iaebd. Until recently, these difficulties preventdte
practical use of these early devices.

The first successful applications of conductingypaérs for conducting coatings [5] or photoreceptors
in electrophotography [6] were realized in the 1970became possible due to achievements in thighagis
and to the controlled doping of conjugated polymers

In the 1980s, a fresh boost of organic semiconduglectronics was given by the first successful
fabrication of organic thin film transistor (OTFT)7-9] and the creation of high-performance
electroluminescent diodes from conjugated polymd@] and the elaboration of vacuum-evaporated
molecular films [11]. Recently, organic semiconduanaterials have displayed their potential asva class
of materials opening low-cost/disposable applicetion microelectronics and optoelectronics [12]ddy
organic light-emitting devices (OLEDs) have progexs rapidly; they have commercial applications
incorporating OLED displays, due to efforts of amait and industrial researches. Further applicatmin
organic semiconductors as organic photovoltaicsc@PVCs) or circuits based on organic field-effect

transistors (OFETSs) are expected in the near future

|-2 Basic properties of organic semiconductors

The fundamental difference between organic andgandc semiconductors is in the nature of their
crystal bonds. In comparison to covalently bondemtganic semiconductors such as GaAs or Si, thd sol
state of organic molecular crystals is possible uean der Waals bonds. These intermolecular oece
significantly weaker than covalent bonds, they pk@/weak delocalization of electronic wave-funcsion
between molecules and directly affect charge aamamsport and optical properties.

Molecules of organic semiconductors consist in medging carbon atoms linked to each other by
single and double bonds. As shown in Figure lip2prbitals of sp-hybridized carbon atoms orient
perpendicularly to the backbone plane. As the destabetween carbons is close enough, the overlap of
neighboring p-orbitals is possible and leads to the creatiorthef so-calledr bonds. Theser bonds,

constituted of delocalized electrons are preseow@lnd bellow the backbone plane.
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Figure 11-2.7-bonding in ethene as an example for the simplagugatedrt-electron system

In comparison to the bonds which constitute the backbone of the mokes;uther bonds are much
weaker. That is because the electrons fmorbitals have a high probability to be delocalizddng the
overlappedr-orbitals. This delocalization is responsible ofe tloptoelectronic properties of organic
semiconductor materials. Strictly speaking, thetetamic properties of a molecule depend on theugatjon
length and on the presence of donor-acceptor gridips

In organic semiconductors, interaction between mdés occurs thanks to the delocalization of
electronic states in the molecule and to a goaet-miolecular orbital overlapping. In other wordsffisient
structural ordering defines the formation of extmhcelectronic states and consequently governs eharg
transport properties of organic semiconductors.

Molecules involvingr-conjugations have in the-orbitals unpaired electrons that form bonding and
anti-bonding levels, also called highest occupi@decular level (HOMO) and lowest unoccupied molecul
level (LUMO). Unlike traditional inorganic semicomctors, organic materials exhibit natural p-typener
type conducting behaviours with dominating holeetactron carriers, respectively. They don't needdo
doped by the addition of doping impurities. Thergearansport for semiconductors with high HOMOelsv
exhibit p-type conductivity ana-type conductivity occurs through low LUMO levels].

Organic semiconductors can be divided in two majasses: low molecular weight semiconductors
(short chain oligomers) and high molecular weigithieonductors (long chain polymers) [15].

Typical p-type semiconductors can be categorized, accortdirteir molecular structure, as follow
[13]:

- acenessuch as picene, tetracene, rubrene, pentacene etc...

- heterocyclic oligomersuch as thiophene, phenylene, polythiophenes aoitierene etc...

- tetrathiafulvalenegTTFs) such as naphthalene-fused derivatives,ogaline containing TTF,

benzene and thiophene-fused derivatives, pyrr@eusTFs ...

Some molecular structures are presented on Figs3re |
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Figure 11-3. Examples gf-type organic semiconductors:ajenesb) heterocyclic oligomers,
c) tetrathiafulvalene$13]

The highest mobilities of oligomers do not exceseltalues of 0.50 — 0.60 évs [16, 17] and the
tetrathiafulvalenes mobilities are reported to hermund 0.40 cAiVs [18, 19]. However, acenes present
hole mobilities between 1.6 — 3.0 @i [20, 21], that is greater than the mobility ashorphous silicon

(~1cnfVs™). The best mobility is obtained with the crystadlipentacene for which measured mobilies range
between 0.3 and 12.3 étds [22, 23].

N-type semiconductors are not fully developed dair tperformances are lower comparing to those

of p-type organic semiconductors [13]. Some typretfpe semiconductors are shown in Figure II-4.
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Figure 1l-4. Examples dii-type organic semiconductors [13]

Perylenediimides are known as ones of the fanmaype semiconductors and the highest electron
mobility of 0.6 cni/Vs was achieved on their octyl derivative [24].
One possibility to create-type semiconductor consists in introducing elect@ooeptor groups tp-
type semiconductors. By such a method, perfluosthaentacene was obtained, with a charge mobifity o
0.11 cn/Vs under high vacuum conditions [25]. Novetype compounds are fullereness, ®as a high
electron affinity and presents a mobility of 0.58%8/s [26]. The highest electron mobility amometype
semiconductors is 1.83 éfs [27]. It was reported for bisthiazole derivativof compound with

trifluoromethylphenyl groups.

Both p- andn-type organic semiconductors consisting of smallecules such as acenes or oligomers
tend to arrange into &=z stacking (like rubrene) or a herringbone (like taeane) systems when they are
deposited by vacuum evaporation. Molecular arramggnoccurs through Van der Waals intermolecular
forces that induced a high ordered packing andemprently a high charge carrier mobility [28-30]. e
other hand, molecular ordering of polymer-basedanig semiconductors (like polythiophenes) is less
efficient, that is related to cross-linking betwemolecules during polymerization process. It resuit a
significantly lower mobility comparing to short gagated oligomers [31]. Thienothiophene-containing
polymer showed a mobility of 0.6 érfVs, which is the highest among FETs polymers.[17]

The electrical performance of organic semicondcttypically determined by high charge mobility,
has been significantly improved by researches iterias and processes. A wide range of organic niadge
has been explored, from semiconducting polymerd sag polythiophene and polyacetylene, to short

conjugated oligomers such as tetracene and pe&82h
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| - 3 OTFET operation principle

I-3-1 The structure of the transistor

Field effect transistor is an electronic device thses electric field to govern a current in tharotel
of a semiconductor. Organic field effect transisttiave a similar configuration as inorganic thimfi
transistors. The FET principle was firstly propoggdLilienfeld in 1925, when he patented a deviceilar
to a field effect transistor [33].
There are two general configurations in OTFTs: thcontact bottom gate (TB) and the bottom-contact
bottom gate (BB) [34]. The BB transistor geomesyfrequently used although OTFTs with TB geometry
demonstrate higher electrical characteristics [35].

Typical geometry of the TB OTFT is illustrated ing&re 1I-5. The conductive channel is placed
between the source and drain electrodes and isadegdrom the gate electrode by an insulator layethe
channel, the density of charge carriers can be ratatliby the applied gate voltage across the itmul@he

basic operating regimes will be described for thegpge OTFT.

e -

semiconductor

insulator

substrate

Figure 11-5. Schematic representation of a top-aonbottom gate OTFT

If the electrical field induced by the gate voltagéigher than the electrical field induced by tinain
voltage ¥, >> V), a gradual channel approximation would be comsmieThen an analytical approach can
by applied for the description of the OTFT openatig6, 37].

In the working regime, the source electrode is gded ¥.=0V) and voltages are applied to the gate
and the drain electrodes, leading to a gate vol(sgebetween gate and source and a source-drain eoltag
(Vsa)-

Applying a negative voltage to the gate electraui# @ zero bias to the drain electrodé V= 0, V,
< 0) provides the accumulation of a high densitpas$itive charge carriers (holes) at the interfae®veen

the semiconductor and the insulator leading tolectrécal charge notedd):
q=G IV, (e9.2.1)

whereq is the induced charge density abids the capacitance per unit area.
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Due to the natural presence of structural defeats chemical impurities, some of the accumulated
carriers are trapped and do not contribute to timeent until the applied voltagé, exceeds a certain offset
called threshold voltage/{). As a resultV, is reduced to the effective gate voltayg { ;) and the charge

densityg. which contributed to the current is given by:
@ =C v, v (€a22)

In the assumption that a small negative Mag applied ¥y < 0, V4 > (Vy - W), the linear gradient of
charge in the channel produces a current flow wigcproportional to the source-drain voltadk. The
applied drain voltag¥y produces the variation of the potential differebeéween the gatend the channel.
Therefore, the charge density changes along thsistar channel in:

a. =GV, -V, ~v(x) 023

Assuming that only the charge carriers induced/pyarticipate to the currenty), that flows in the

transistor channelgcan be expressed as:
I, =WuqE, (eq.2.4)

WhereW is the channel widthy is the charge carrier mobility artg} is the electric field between

source and drain contacts.

. dv _ .
Taking into account thak, =d— and substituting eq. 2.3 into eq. 2.4 the latter loe presented as:
X

| dX=WuG(, -V, -V (X))dV (eq.2.5)
Integrating eq. (2.5) gives the relation fer

W 1
Id :TC.U{(Vg _\/t)vsd _Evszj| (eq26)

(at the source contagt= 0 andV(x) = 0, at the drain contagt= L andV(x) = Vg4, Vsa= Vg When the

source electrode is grounded).
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The second term in eq. (2.6) can be neglected bed‘a{gm <<‘(\/g —Vt)‘, then eq. (2.6) can be

rewritten as:

lq

-

CH(V, ~VV,, (eq.2.7)

This equation describes the “linear regime” of thensistor operation. In this case, the channel
resistance is low and the transistor operatesatiiear regime up to the poiy ~ (Vg - V).

As soon as gate voltage reaches the value (Vy - V), the depletion region appears inside the
channel. This depletion region is formed near thaindcontact by electric potential that exceeds the
threshold value\{). Therefore, just a limited current can flow thgbuthe saturated region. If drain voltage
continues to decreas¥y(< (Vg - V1)), the depletion region expanses toward the scelesgrode, although the

current flow does not increase. Such behaviourriescthe “saturation regime” of the transistorragien.

This mode can be described by eq. (2.7) in assiump‘tat|\/sd| >‘(\/g —Vt)‘ , thereforeVgqis replaced

by (Vg - V) leading to:

W
g = GH(Y -V,)* (€q.2.8)

Obtained relations (2.7) and (2.8) are valid if theulator thicknessl is much smaller than the
channel length., and the charge mobiliy is not field-dependent. The operation principlerieype OFET

is similar, but the gate voltage is inverted [38].

I-3-2 The field-effect mobility

The charge carrier mobility of an OTFT can be ai®di by measuring the current-voltage (I-V)
characteristics in the linear or saturation regohihe transistor operation [39].

In order to calculated the field-effect mobility the linear regime, the (I-V) characteristics can b
extracted by maintainingy, = const oy = const. In other words, eq. (2.7) must be derivét respect to
Vg or Vgq:

al, ] W
On=| 3, e C| IJiinVsd (eng)
(avg Vg =const L
ol W
gd (aVSd jvg B |_ i p‘lm (Vg t) (eq )
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Expressions of),and g, channel transconductivity and conductivity arepeesively obtained. The
value of g, is calculated from the linear part of the transferve. Extracted from eq. (2.9), the mobility can

be presented as:

=g, E— eq.2.11
Hin = G 5 V., (eq.2.11)
And eq. (2.10) gives:
L 1
=gy = eq.2.12
uhn gd WCI(Vg _\/t) ( q )

Equation (2.11) is more general than eq. (2.12pbse it is also valid for gate-voltage-dependent
field-effect mobility. In addition, the value & should be determined to describe the charge tnaimsty.

(2.12)
In the saturation regime, field-effect mobilitynche directly derived from eq. (2.8):

L 1

B —— eq.2.13
d,sat W Ci (Vg _\/t)z ( q )

usat = |

Where sy and Iy s are field-effect mobility and drain source-currentthe saturation regime,
respectively. Here, the value gk, is obtained from (I-V) characteristics in satusatregime for a giveN|,

Another way to determings.is by deriving eq. (2.8) with respectVg

al d,sat GE 1

(eq.2.14)
v, WC(,-V)

usat (Vg ) =

ol
Where derivativeﬁ is experimentally determined from the transfeweun saturation regime.
9

For different organic semiconductors, typical valoéfield-effect mobility vary from 10cnf/Vs to
20 cnf/Vs [1, 23, 40].

Due to their relatively low charge carrier mobiJitTFTs can not be used in high switching
electronics. However, the main advantage of org&B€s over inorganic FETs is their compatibilitythwi
light-weight plastic substrates. In addition, origasemiconductors have a low processing temperature
whereas higher temperatures are required for Qieb&&Ts fabrication [41]. These advantages maka the
very competitive towards traditional thin film tisistors for applications, especially requiring lowst large

area coverage [1].
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I-3-3 The gate dielectric

A crucial criterion in the fabrication of organi¢-Ts is the choice of the gate dielectric matetikitil
now, the best electrical performance has been teghdor OTFTs processed on high-quality inorgarateg
dielectrics, such as ion-beam sputtered silicoxide SiQ [42 - 44], chemically vapor deposited silicon
nitride SgN,4 [45 - 47], radio-frequency sputtered aluminiumdexiALOs [48] and silicon dioxide thermally
grown on single-crystalline silicon [49]. The ahilito process inexpensive and disposable organitsTF
induces the necessity to use alternative gate diiidle and low-cost fabrication methods. For lasgea
applications, the use of inorganic dielectrics gnoat high temperatures is not of particular interésr
example, thermally grown SpChas a high breakdown voltage, a low gate leakagk aa high quality
interface. However, it is not suitable for flexib®lymer substrates, because it requires high psing
temperatures (800° - 1200°C) that destroy the palyhen, several requirements are expected for new
materials to replace inorganic dielectrics sucloasdielectric constantk(< 2.5), thermal stability (400°C or
higher), electrical insulating behaviour, high magical strength and good adhesion to neighboripgréa
These strict requirements eliminate several catesdauch as porous silica and carbon-based material
Several organic dielectrics have been studied soirfaluding polyvinyl phenol (PVP), polyimide, pol
methyl methacrylate (PPMA) etc... Among approprisa@didates, the solution-processable polymers and
the self assembled monolayers (as a buffer gatectlie and semiconductor film) show great pronfise
the growth of pentacene thin film in transistorrfahtion. In addition, these materials can be gat@posited

by spin coating, spray coating or printing rathert by vacuum deposition [50].
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Il - Experimental System: Pentacene-based thin filmransistor

[1-1 Choice of polymers

Pentacene is known to be one of the most promisarglidate in organic electronic applications
because of its high field-effect mobility compamld that of amorphous silicon [51, 52]. Nonethgl¢ke
difficulty to determine and control key propertieSthe organic layer, such as structure, morphqlagy
interfaces, is a major factor restricting its elesic applications.

The further progress in pentacene based electd®vices requires the creation of high-ordered and
large size molecular crystals [53]. As it has be&own, OTFTs charge mobility is very sensitive to
crystalline properties of thin film, i.e. to theagn size [54, 55], defect density [56] and crygtalymorph
[57, 58]. However, the pentacene film quality can rhodulated by two ways: changing the deposition
parameters (deposition rate, controlling the enefgycident molecules) [59, 61] and varying thdstuate
properties (substrate temperature and surface shg)i62-67].

In order to improve pentacene growth, hydropholitymers can be used as substrates to favour a
better packing of pentacene molecules. Furthermbieas reported that the hydrophobic dielectrigels
have a tendency to give higher field-effect mopilibr both amorphous polymer semiconductors and
crystalline organic semiconductors [68]. One of thrgest carrier mobility reported for pentaceneduh
OTFT with a polymer gate dielectric (cross-linkemlywinylphenol and a polyvinylphenol-based copolyjne
is more than 3cmz2/Vs [41].

The goal of this work is to study growth mechanisshishe pentacene thin films deposited onto two

dielectric polymers: parylene and benzocyclobu(@&eB).

I1-1-1 Crystalline structure of pentacene

The creation of the first pentacene based thin fistd effect transistor by Horowitz et al., in 199
[38], stimulated intensive studies of pentacene filim growth and pentacene based electronic device
Presently, pentacene is considered as a researdbl far the fundamental studies of semiconducting
oligomers.

Pentacene is a p-type organic semiconductor: itecute (G,H14) consists of five fused benzene rings

and presents a planar configuration (Figure 1i#8§)energy gap between HOMO and LUMO levels is ¥Z.6e

[69].

Figure 11-6: Structure of the pentacene moleculgHg)

77



It was shown that a pentacene monolayer has digstadtructure [70] (Figure [I-7). Two main
crystalline phases of pentacene are known to sabdinm pentacene layers in vacuum: thin-film phase

bulk phase.

[IEA ST Soe et & o & o ~=

Figure 11-7. Crystalline structures of pentaceria fims [70]

In the thin film phase, pentacene has an orthorhorrystal structure [70, 71] whereas the bulk ghas
shows a triclinic structure [72]. In both casesntpeene molecules are arranged in an herringbone
configuration due to the interaction betweenrbitals which favours face-to-facestacking of molecules
and the quadrupolar interaction which governs ddgface packing [73, 74].

The morphology of pentacene films is characterizgdnter-layer spacing of 1.54 nm for thin film
phase and 1.44 nm for bulk phases. Experimentaltseshow that the thin-film phase favours the ghar
carrier transport with respect to the bulk phadgs Tan be explained by a better overlag-ofbitals at the
grain boundaries [75]. Moreover, it has been shtivam, thin film and bulk structure can coexistlie early
pentacene nucleation period [76]. In fact, the fation of pentacene polymorphs is dependent on racto

such as the nature of the substrate surface, batrate temperature and the thin film thickness 80j.

11-1-2 Charge carrier transport in pentacene-basedOTET

The charge carrier transport in organic semicorataadepends on the degree of molecular order and
is based on two mechanisms: band or hopping trangaj.

In the band transport, the charge carriers areritbesi by a Bloch formalism and their motion is
represented as the propagation of delocalized pleaves [81]. In this case, the charge carrier ntghd p
>> 1cnfVs™ and the temperature dependence obeys to a lav, 1.

In the hopping mechanism, the charge carrier pamnsccurs by hopping between localized states
[82].
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The temperature dependence of the mobility follaviBoltzmann law and is described as pu ~ exp(-E/KT).
In that case, the mobility is p < 18Wws. Band transport manifests in highly purified andhiygordered
organic molecular crystals, constituted of smalleunoles. For oligomers, achievable charge mobdan
reach the values of 4008us ™ at low temperatures [83, 84].

In the case of conjugated polymers, the film strrectis disordered and carrier transport is possible
by charge hopping from site to site. In such stmex, the hopping is phonon-assisted and the charge
mobility increases with temperature, but mobiligymains relatively low (1 < 1c¢i#Vs) [85, 86].

According to reported data for pentacene-based QTES, 87], the values of field-effect mobility
are in intermediate range (u ~ 1-3%Ws) because the charge transport mechanism cabenstrongly
determined (can be related to both hopping and bamdport). In addition, Nelson et al. [88] hav®wn
that the temperature dependence of charge mobilipentacene films is not reproducible and variesnf
sample to sample even if OTFTs were fabricated utidesame conditions. Furthermore, they also edtic
that, the charge mobilities have demonstrated testye independent behaviours, in some experiments.

The charge mobility in organic semiconductors isrgjly depended on molecular ordering and thus
can be improved by the quality of the thin filmustiure. Especially, spatial orientation of the peehe
molecules is directly affected by the chemical ertips of the substrate on which they are depasideda
chemical inert surface, pentacene molecules noynmksent a standing-up orientation [89, 90]. Ie th
contrary, the standing-up orientation changes l{ong-down orientation, in the case of chemicakactive
surfaces such as cleaned silicon surface [91, ©Rjedallic surfaces like Au or Cu, due to the preseof
unsaturated bonds [93, 94].

Substrate dependent arrangement of pentacenedilthsesulting electrical performances were studied
experimentally and are schematically representeféigare 11-8 [1]. Figure 11-8 shows that highly encd

structure and increased intermolecular packingniogntly favour OTFTs electrical performances{95].
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Figure 11-8. Dependence of field-effect mobility péntacene on thin film structural order [1]

(a) X-ray diffraction graphs, corresponding struatunodels (b) and mobilities (c)
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Another important factor that affects pentacene fjrowth is the roughness of a dielectric surface.
The increased roughness of the gate dielectricqkess dramatically decreasing of pentacene graaaiz
results in the decrease of carrier mobility. It vgaswn that the hole mobility decreased from 0#9/¢s to
0.11 cm?/Vs when the dielectric roughness incredsed 0.24 to 1.15 nm in pentacene based OTFTs with
SiO, gate dielectrics. In another work, it decreasedff).31 to 0.02 cm?/Vs with a roughness increas® fr
0.2 to 1.5 nm [98, 99].

Therefore, the properties of the interface betwienpentacene active layer and the gate dielectric
play a very important role in determining the maolec orientation, the adsorption probability, theface

diffusivity and consequently the OFETs charge mybil

[1-1-3 The gate polymers: parylene and benzocyclolane

In our study, we focussed on parylene (poly-p-»aig@) and BCB (divinyltetramethyldisiloxane-bis or

benzocyclobutene) (Figure 11-9).

a) b)
Figure 11-9. Molecular structure of parylene-C é&d benzocyclobutene (BCB) (b)

There are many types of parylene including parylenparylene-N and parylene-C. However, Yasuda
et al have reported that, the best FET performanees obtained when parylene-C has been used atea g
dielectric [100]. Gas phase polymerization makeylpae layers absolutely uniform and conformal dn a
surfaces. Another experimental results show impr@rd of the OFETs operating performance when a thin
parylene dielectric layer has been introduced betvtbe Si@and the pentacene active layer [101].

On the other hand, the molecules of BCB constitbte and defect-free films by simple solution
casting. Knipp et al. have reported the use of beydobutene as gate dielectric to fabricate pamead-ETs
with charge mobilities and on/off ratios similarttise obtained using inorganic dielectrics [LO&mely,
on thermal oxide and silicon nitride the mobilitex® of 0.2 - 0.6 cM(Vs) and on/off ratio larger than 40
Whereas for transistor with BCB gate the mobilitydathe on/off ratio are of 0.3 éffivs) and 10,
respectively [102].

Both parylene-C and BCB are hydrophobic in polymextistate and possess most of the required gate
dielectric properties: high mechanical strengtleritial stability and good electrical insulation [1AB4].

They have very close dielectric constahts (3.10 for parylene arkl= 2.65for BCB [105, 106]) which can
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be comparable with that of SiCas a referencek(= 3.9). Higher dielectric constant induces higher
capacitance and consequently higher electric aelthe surface of the dielectric. This dependet@ngly
affects charge mobility because a stronger elefigld increases the carrier concentration at tindase
[107].

Furthermore, they present high electrical insufatitbaracteristics, even for thin layers. That isyve
important, not only for passivation in organic étenic devices, but also, for the gate dielectfiomanic
field effect transistors [108 - 110]. This makesytene and BCB layers extremely suitable in tecbges

requiring high quality dielectric coatings.

[1-2 Samples preparation

The detailed description of the sample prepardasgmesented in the PhD manuscript of Karim Diallo
[111].

Pentacene thin films were deposited by Vacuum Bajpm method at 70°C and with velocities
between 0.2 and 0.4/s to favour a better organisation of the moleculdswermally sublimated pentacene
molecules are adsorbed on chemical inert surfdoesigh van der Waals force interaction [98]. After
adsorption, the pentacene molecules aggregatethetsolid condensed phase via the surface diffusion
Further molecule ordering is determined by surfadeamistry and roughness of the dielectric [99].

Both parylene and BCB were deposited on a cleatess gsurface through CVD and spin coating

techniques as shown in Figure 11-10.
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a) b)

Figure 11-10. Deposition of gate dielectrics: ajylane by CVD, b) BCB by spin coating

The Parylene deposition followed three stagest, firee powder was vaporized in an oven with a
temperature maintained at 175°C and a pressurelofdir. This leads to the formation of dimers. ithe
dimers were crashed into monomers, in a second avéA0°C and a pressure of 0.5 Torr. During tse la
step, the monomers of parylene were condensedayih@rised on the substrate in the deposition cleamb

at ambient temperature (25°C).
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Deposition of the benzocyclobutene was performenhfa liquid phase by a spreading method. At the
beginning, the substrate was covered by an adhesmnoter (Dow Chemical, AP3000) at 500 rpm during
5s, then at 3500 rpm during 5s. After that, theitsah of BCB T1100 (1:1) was deposited at 500 rpmirgy
5s, then 3500 rpm during 30s. BCB was polymerigedrbannealing process during 72h at 170°C in air.

Thicknesses of 690 nm for parylene and 500 nm foBBvere experimentally determined as more

accurate in previous studies and were chosenlftdreaéxperiments [111].

I1-3 Atomic Force Microscopy experimental conditiors

Both static (contact) and dynamic (non or interemttcontact) modes have been employed in order to
determine the most appropriate operating modedotgzene films studying (cf Chapter ).

The AFM system used in these studies was a Solver(®and alone Smena-B) scanning probe
microscope, designed by NT-MDT company, Russiaami (Veeco) microscope. Samples scanning was
performed with cantilevers Nanosensors PPP-corfkast 0.002N/m) and Nanosensors SSS-NCLR (k =
0.3N/m) for static and dynamic modes, in order bbam high sensitivity or high Q-factor, respechve
Scanning rate was 1Hz for both modes.

As a test sample, we used the pentacene thinyilth,a 30 nm thickness, deposited on BCB.

11-3-1 Contact mode

The cantilever deflection was measured by the gitgnof the reflected laser beam on the
photodetector (in pA). When the tip reached thdasgr, the intensity varied from -450 pA to -200pA
(setpoint value), leading to an applied tip-surfateraction force corresponding to an intensity260pA.
The resulting image presented on Figure ll-11aather noisy: several line jumps can be seen aad th
pentacene surface appears blurred with not welltrasted morphological details. This noise is
representative of a large contact pressure indogedlarge applied force and /or a sharp probing ti

To improve the resolution and avoid pentacene searfifamages, the lowest tip-sample interaction
force should be applied. The minimal force valug/hich the scanning in contact mode can still tzdized

was determined by the force spectroscopy method.

The principle is based on the analysis of the falistance curve, namely on its “backward” part.
Figure II-12 presents the characteristic obtainethe same surface, with the tip (red curve — aggrpblue
curve — retract). At the start of the cycle, a ¢éadistance separates the fixed part of the castiland the
sample (around 130 nm ) and the cantilever is aflfected (I). The cantilever and the tip are moekede to
the sample, at a constant velocity. Once the faotig on the tip exceeds the stiffness of theileaet, the

tip jJumps into contact to the sample surface @8ding to a deflection of the cantilever. If theveiment of
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the cantilever towards the sample goes on, thelleat deflection reverses (red curve) until a pet-
maximum load on the tip is reached (lll). At thisint, the cantilever is moved away from the surféiae

curve) and the tip and sample are separated. tti@na between the tip and sample cause the tiprt@in

attached to the surface as the cantilever retractd, a “snap out” point where the tip detachesfrthe

surface (IV).

~ 86,énm : ; T 104,tnm

Figure 11-11. Pentacene 30nm on BCB. Contact motges 2x2um

Once the cycle of data acquisition is completed, IrL axis (deflection of the cantilever (DFL) is
proportional to the interaction force see Chaptés torrectly scaled relative to the non defleatadtilever
position. It makes possible to determine a defbectialue when the cantilever is just “snap outhirthe
pentacene surface. This value represents the difrtlhe influence of adhesion forces on the tipother
words, contact AFM imaging is impossible when tipface interaction force (setpoint value) is ldsant

this adhesion limit value.
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Figure 11-12. Typical force-distance curve
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The “snap out” for 30nm pentacene film, correspotada DFL = -285pA that was determined from
force-distance curves presented on Figure II-12 ti8oadhesion limit is 165pA if we take into acabthe
initial deflection DFly = - 0.45nA.

Scanning in contact mode with an applied load fargeal to the adhesion limit value, leads to an
image without defects (Figure II-11b). This softntact regime induces low surface deformation and
provides a better visibility of nano-scale pattefrpentacene shapes. This analysis demonstratesittg
of AFM contact mode for studying polymers surfaaaphmology and pentacene surfaces, in particular.

[1-3-2 Dynamic mode

We used AFM dynamic mode (amplitude modulationprider to confront the performances of both
dynamic and static modes applied to the same tfpemtacene surfaces. The scanning of the sampme wa
realized using rectangular cantilever with sprirgnstant of 22N/m and tip radius of 10nm. The most
appropriated value of the free oscillation ampléuras been found experimentally and was deterninbd
around 15 nm at the resonance frequency of 150H860k
Typical high quality images presented in Figur&3|-demonstrate the advantages of the dynamic moaete
the contact mode. As the tip touches the samplaijust one time per oscillation period, the ipated
energy is much lower than when the tip is consyatitise to the surface as in the contact mode. fHgis
makes possible the accurate reproducing of exaatapene morphology. The high resolution image of
heights (Figure 11-13a) excludes any possible @aetiind has a better contrast on the charactegdgies of

pentacene than the best image of pentacene inctontale (Figure II-11b).

Figure 11-13. Pentacene on BCB (30nm thick). Dymambde, AM-AFM images on a2x2|frarea
a) height image, b)amplitude image, c) phase image
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Furthermore, during the same scanning cycle, angditand phase signals can be collected. The
amplitude image (Figure 11-13b), presents a moteaild®l surface structure than the height imageufedl-
13a) because it is not affected by the large serfeaight difference. Hence, this data is helpfuldioserving
the detailed structure of a surface with a compégpography. The phase image from the scanned sample
(Figure 11-13c) can also be obtained in parallelhwthe height image. At fixed oscillating amplitudie
phase signal is derived from the phase shift batvtiee excited cantilever and the input drive sigidlase
imaging is an efficient tool that can complete nimipgical data with information about the structarel
the chemical composition of the surface on the naater scale.

So, even if it was shown that under specific coodsg, the contact mode can be suitable for pengacen

surface morphology studies, the dynamic mode véllubed in the whole following experiences, because

offers a better noise-free high resolution imaging.

11-3-3 Surface energy measured by AFM Spectroscopy

An original mean to determine the surface engrggnsists in using the atomic force microscope. The
work of adhesion between tip and sample can beagedirom experimental force distance curves [112],
knowing the tip radius value.

During the spectroscopic measurement, the coritaetlietween tip and sample is short (ordemef
consequently the adhesion is only due to Van deanl8Véorces and the measured work of adhesion

represents the thermodynamic work of adhe¥ign

W, =2y (eq 2.15)

In addition, the tip-surface contact can be consides a contact between a sphere and a plane with
low deformation and low contact radius. Then, tidTDmodel (Derjaguin Muller Toporov) can be applied
for approximation of the thermodynamic work of asibe [113] ( Cf chapter I)

The DMT model relates this adhesion force F.u to the thermodynamic work of adhesion as

follow:

Fati=27RW, (eq 2.16)

where Fu is the separation force and R is the tip radius.

The expression for surface energy can be deducedlMstituting eq. (2.15) into eq.(2.16):

y=—4 (eq 2.17)



From experimental force-distance curves, the adhesion force F.i can be deduced. It
corresponds to the force needed to separate tip and surface and it is related to the cantilever

bending by theHook's law:

Foan = KIAZ (eq 2.18)

where k is the cantilever spring constant and AZ is the cantilever bending on the “snap out”

point of the curve ( point IV on Figure [I-12).

Measurements of adhesion forces were performed Ui force spectroscopy technique in contact
mode in air. In our study, we used cantilevers wiflradius ofR=10nm and spring constant o= 0.3N/m,
these parameters allow to avoid the sticky effeabur experimental conditions. On the curve, g is
given in pA, one should realize a curve on a haréase (Silicon for example) and determine the sldfhe
curve gives the value of the spring constant innpds/k(pA/nm)=ay/4x. Knowing the value ok in nN/nm

one can obtain the value Bfy, in nN:
Fagn[NN] = 4y [pA] x k[nN/nm] / k [pA/nm] (eq. 2.19)

For example, for the backward curve shown in Fidlsfe?, the value of the “snap-out” #Y = 0.688-
0.482 = 0.206nA, which corresponds to the piezpldementdZ = 173-80 = 93nm. According to eq.2.19,
the corresponding adhesion force whith 0.3N/m,k(pA/nm) = 0.206/93 ané ,4,= 0.206[pA]- 0.3 [N/m] /
(0.206/93) [pA/nm] = 27.9 nN.

In the contact mode spectroscopy, the cantilepepéinetrates in the layer of water adsorbed on the
surface. As a result, the measured adhesion femesents the sum of the capillary force betweeterwa
adsorbed on the tip and sample surfaces, and tresiah force due to the Van der Waals interacfitnen,

the total force of adhesion is expressed as fotlows
I:adh = I:VdW + I:cap (eq 220)
The strength of the capillary force is determingdtibe meniscus between the two surfaces and
depends on their geometry. In our experimentsrantang surfaces can be considered as sphere-plane
contact. In this case, the capillary force, givgridsaelachvili [114], is expressed as:

Feap = 27R)(COSH, +C0SY,) = 47R)ycosd (eq. 2.21)

whereR is the tip curvaturey is the surface energy of the liqui#],andd, are water contact angles

(if non-identical) and is water contact angle for symmetric drop.
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1l - AFEM study of the pentacene growth

llI-1 AFM imaging

I11-1-1 The dielectric surfaces

First of all, the morphologies of the gate dieliecturfaces were studied. Figure 11-14 presentg&yp
AFM images of both dielectric surfaces, the pargléRigure ll-14a) and the BCB (Figure 1I-14b). Ireag
are representative of a 2x2fiarea with a RMS (Root mean square) value of 3.4@nrthe parylene and
0.42nm on the BCB.

This difference in the RMS roughness relates tiemint structure specificities of each surfacethi
BCB case, we observe a flat and homogeneous susftita “peak to valley” valuaZgcg = 4.39nm. In the
parylene case, the surface is rougher and presenisland-like morphology withAZp,, = 28.1nm. Both
AZgcg andAZp,, are approximately proportional to their RMS-valtiest indicate a good homogeneity of the
observed films. The difference in the roughnessvben the two dielectric surfaces leads to differeitial
conditions for the pentacene growth.

— 28,Inm ~4,3%hm

0,Cnm

Figure 11-14. AM-AFM Images of the (a) parylene-4i¢kness 630nm; RMS=3,47nm) and (b) BCB (thickrg¥3nm;

RMS=0,42nm) surfaces. Scan area: 2 x 2um

[11-1-2 The pentacene films

I11-1-2-1 A grain structure

Pentacene films were deposited onto the gate tlielecover a large scale range of equivalent
thicknesses: 6, 10, 15, 20, 30, 35, 40 and 60 nine. dbjective was to explore the pentacene growth
evolution from early initial stages to well formsedrface structures. Figure 1I-15 and Figure Il-liéstrate
the evolution of the growth for some specific timekses on both BCB and parylene substrates on a
10x10pm, and 2x2urhscan areas, respectively.
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h=30nm AZ=45.9nm RMS=5.6nm h=35nm AZ=62.8nm RMS=6.6nm h=40nm AZ=44.3nm RMS=6.4nm h=60nm AZ=48.6nm RMS=7.2nm

Figure 11-15. Height AM-AFM images of pentacenefauae for different pentacene thicknesses depositeitie
parylene (a) and on the BCB (b) surfaces. Scan &fsd Oum.
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h=0nm AZ=28.3nm RMS=3.47nm h=6nm AZ=30.06nm RMS=4.43nm h=10nm AZ=50.1nm RMS=6.33nm

a) h=15nm AZ=47.6nm RMS=7.77nm h=30nm AZ=55.1nm RMS=7.88nm h=60nm AZ=51.3nm RMS=8.60nm

h=0nm AZ=4.39nm RMS=0.42nm h=6nm AZ=41.8nm RMS=5.25nm h=10nm AZ=24.2nm RMS=3.51nm

b)

h=15nm AZ=26.6nm RMS=3.69nm h=30nm AZ=42.7nm RMS=5.38nm h=60nm AZ=45.0nm RMS=7.28nm

Figure 11-16. AFM images representatigba 2 x 2 purf, for some selected thicknesses of pentacene depasi
(a) parylene and (b) BCB.
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Clearly, three general specificities can be seeongnthem:

1) A change in size of the grains with increastmg pentacene film thickness for both substrates

2) A different type of structuration before andeafthe thickness of 15nm for both substrates BGB an
Parylene;

3) A sharp distinction in size and shape of theingrdbetween layers deposited on the different

dielectrics

From 6nm to 15nm pentacene equivalent thicknesskederal growth of the islands with an evolution
in shape is observed. The characteristic evoluabrpentacene-on-BCB growth manifests by a shape
transition of the islands from random shape at 6ormompact pyramidal shape at 15nm. Otherwise, the
pentacene-on-parylene growth begins from early lsmighl islands that form a quasi-layer at 6nriffidult
to separate from the parylene surface, and tramsftw compact bulk shapes at 15nm ( Figure 11-16).

The film atlOnm corresponds to an intermediateestdgsemiconductor growth: deposited islands are
larger and better developed than at 6nm but theynat already so compactly packed than at 15nm. The
dielectric substrate is visible at some placesufeg I1-15, 1I-16). Analysis of this first thredrfis shows that
the equivalent thickness of 15nm corresponds tertaio quantity of pentacene matter for which a new
mode of surface growth begins. At this critical make islands are well packed and their lateratr can
be limited by the close presence of the boundarigsighbouring islands. Further increasing of cage
just induces an island size evolution with any gigant changes in lateral shape: between 15nm6&min
thicknesses, pentacene-on-BCB exhibits pyramidatttres and pentacene-on-parylene presented ikalk-I
shapes (Figures 11-15, 1I-16).

I11-1-2-2 Terraces in the grains

Distinctions between pentacene-on-BCB and pentagefgarylene, can be observed not only in
grains shape. As an illustration, let's focus or af the pentacene films with an equivalent thicknef
60nm. Figure 1I-17 shows AFM topography and amgiterror images of the pentacene surface on both
substrates. Error images have a higher spatialutémo than topographic images (it represents tedihtial
of the topography image, since it accentuates gsianng points in the sample topography (high firercy
information) at the expense of smooth slowly untingpareas (low frequency information)). On BCH, al
islands have rectilinear accurate boundaries aog garrowing to the peak that gives them a pyralikisl-
shape. Each pyramid is composed of a terrace atadkss and less larger in the vertical directibhe
islands on parylene are smaller and present bkgkdhape with rounded boundaries. The islands bhave
granular rounded structure and they are not teethéy the presence of a single clear-defined peak.
Basically, these bulks consist of small fragmerifsemtacene layer at least not well-ordered.

The surface structure of the islands is followegbgforming cross sections on several images.

On typical images of Figure II-17, cross sectioreravrealized and the black (red) line on each image

represents one typical cross section.

90



For pentacene-on-parylene, islands are presertledwirregular shape structure (Figure 1I-17d)e T

cross sections show a step height which approxiynegkates to two or three molecule lengths (3.42and
4.54 nm + 0.13). In achieved experiment, it wassshby RDS that molecules tilt differently on PMMAG
Ta,0s [115].

xxxxx

”
T T
ons o1 020 000

Figure 11-17. Grain structure of Pentacene (thidgn60nm) on (a, b) Parylene and on (c, d) BCB. Gomahy (a, ¢)
and error (b, d) images of 1x1pum. Cross sectiopbléek and red lines on the images (a, b) andlék line on the
images (c, d).

Besides, for pentacene-on-BCB, the height of eaminate step is about 1.4nm % 0.07 that
approximately corresponds to the length of the gmrte molecule (Figure 11-17f). Moreover, judgimgnf
the continuity of the terraces borders and the tgameity of the large edges, we can establish thel e
terrace corresponds to a pentacene monomolecykar. [@hen, the pyramidal islands are composedabf fl
homogenous monolayers of standing up pentaceneuiete deposited vertically one to each other.

According to the deviation standard error in theasugement, it is impossible to conclude on a
possible tilt of the pentacene molecule on theatexs. However, it is clear that the shape of tlaads for
the low coverage influences the mean height ofé¢h@aces, one monolayer for pentacene on BCB and32

monolayers for pentacene on parylene.
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[1l-2 Statistical grain analysis

The knowledge of the structural composition of peane islands, their geometry and their ordering
allows us to understand how the pentacene films.fém order to study the influence of film thickses on

these parameters, a statistical analysis of thmgetal size of the islands was performed.

I11-2-1 Width and height of grains

The RMS distribution of the grain heights represequantitative information about the surface

irregularity. Figure 11-18 shows the roughnesshaf pentacene films surfaces for all deposited tteskes.

Pentacene Height RMS distribution

12

10 A

RMS, nm
(=]

6 10 15 20 30 35 40 60
O on Parylene

Don BCB

Pentacene thickness, nm

Figure 11-18. RMS distribution of Pentacene islahdgghts deposed on BCB and Parylene

(for an area of 1Qm x 1Qum)

By comparing data on Figure II-18, we can estaliighgeneral tendencies:

1) the RMS values of pentacene surface on B@Bparylene (RMS Pen/BCB and RMS Pen/Par) present
two peaks for the same film thicknesses for 6nma0rim (30 - 35nm for parylene).

2) the RMS Pen/Par values are greater tharcahesponding RMS Pen/BCB excepted for the 30nm
pentacene thickness.

The similarity between the RMS values of both sasgbr 6nm and 30nm can be explained in the
following way. The thickness of 6nm pentacene edab a situation where the islands on both BCB and
Parylene substrates are not already connected.eGoastly, the RMS was calculated for the real tslan
heights — between a substrate surface (bottontasfds and top of island.

At the same time, RMS calculations for the followstages of growth (thicknesses greater than 10nm)
can be performed just for accessible surface dfggene. In other words, beginning at 15nm filmkhiss,
the islands are well-packed and the lowest poindeposed layer corresponds to the level of border

juxtapositions. In this case, the substrate surfacgell covered and is not accessible to the SPdbg
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Despite the case at 6nm, RMS values could themtmpared for higher coverages and the increasena 30
for both substrates is significant of a rougherohthe surface for this peculiar thickness.

To interpret this behaviour, RMS analysis can bmmleted by additional statistical investigations
necessary to define the size and volume occupiethdyslands. In order to establish the variatibrihe
islands lateral dimensions, calculation of graizs slistribution was performed. RMS, grain sized grain
volumes were calculated with Gwyddion modular paogrfor SPM data visualization and analysis [116].
Grain size and volume calculations were performgdiging the segmentation algorithm implemented in
Gwyddion. This algorithm is based on surface aneagulation scheme and an example of it applicaiso
shown in Figure 11-19 (c) and (d) for pentacenerBthickness on BCB. More precisely, knowing theepix
dimension it becomes possible to calculate the aimkvolume for each one marked by a mask area (blu

color on Fig. 19(d) ), that corresponds to the slafa grain.

Grain size distribution Grains volume distribution
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6 10 15 20 EY x5 20 & 6 10 15 20 0 E3 2 60
Pentacene thickness, nm O onParylere Pentacene thickness, nm O onParylene
@onBCB @onBCB

Figure 11-19. Distribution of the grain size (a)dagrain volume (b) of Pentacene deposed on BCBPamgene.
Figures (c) and (d) represent an example of agmitaf segmentation algorithm (Gwyddion) for pexgae 30nm on
BCB (10um x 10um). Figure ll-(c) — before segmeatafwithout mask),
and Figure 1l-(d) — after segmentation (with bludoc mask).
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The results of the analysis are obtained for betthtgcene-on-BCB and pentacene-on-Parylene films
for each coverage and are presented on Figureall\Me can see that the pentacene islands on BCB are
noticeably larger than on parylene. This differemntesize is especially expressed for 30nm of tha fi
thickness both on BCB and Parylene. In additioa,dize distribution presents the same evolution tha
RMS distribution: an increase from 6nm to 30nmdakd by a decrease from 30nm to 60nm.

This size parameter is not sufficient to give eptete information about a shape structure sodtae t
volume covered by the islands was also evaluategi@ 11-19b). The peak at 30 nm is not so markeht
for the grain size distribution, a maximal volumalue is obtained for coverage of 30nm and 40nm for
pentacene on parylene and for a coverage of 3%npehtacene on BCB.

In addition, the grain volume distribution is oftewersed compared to the grain size distributioB0a
nm. In another words, it means that the largesamigs on BCB occupy a smaller total volume than the
small islands on parylene for the majority of tekses. This seems to indicate that the growtbvisll

more a 3D mode on parylene than on BCB.

I11-2-2 The PSD analysis

In order to complete the grain size analysis, PB&ctsa were measured on typical images qfni0
x10um for coverage from 15 to 60nm on both systems.tfbery of the PSD spectra has been developed in
details, in chapter I. The PSD analysis was peréoron our AFM images to quantify both the evolutidn
the average grain size and the surface roughneasfaisction of the thickness of the films and ailso
provide information on the growth mechanism.

Figure 11-20 presents topographic AFM images dW@ix 10um scanned areas for a 40nm thickness
and their respective PSD spectra for both syst&éhms bandwidth of the spatial frequencies extendsden
the minimal and the maximal spatial frequencies.

Because the length scale (L) is 10um, the minspatial frequency is given by;,=1/10pm=0.1umm
and the maximal spatial frequency fay,= 1/(2A) = (25.6ur)/2 = 12.8 urit, whereA is the sampling rate,
given by:A = 10um/256= 39nm.

As mentioned in chapter I, all power spectra exhiyee distinct regions, represented as parts |,
and III.

— The region | includes the low spatial frequeneiith ak < 10’ m™ for pentacene on parylene and a k
< 7.10 m* for pentacene on BCB which correspond to a neaolys@ant value of the roughnesssp
(magnitude of PSD). This low-frequency plateau nseam absence of correlation (it does not chandge wit
the scale) and indicates an absence of any chastictéength.

— The region Il involves intermediate frequenciesaeen approximately 1&* and 6-16m™. For this
high-frequency range the PSD is strongly frequethegendent and represents the power-law decay. This
region characterizes the mechanism of surface fiwmand indicates the surface self-affine behaviou
[117].
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— The region Ill corresponds to the highest fregiesof the spectr& & 6.10m™). As we mentioned
in chapter I, the PSD in this region is tip sizpeledent and should not be taken into account.
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a) b)
Figure 11-20. Topographic image and typical PSDc$aeof the pentacene
deposited on parylene (a) and BCB (b) for a coveEgl0 nm

Pentacene on parylene PSDs Pentacene on BCB PSDs
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a) b)
Figure 11-21. PSD spectra of the pentacene filmpodiéed on parylene a) and BCB b)

Figure 11-21 shows in details two sets of PSD gpefur different thicknesses of pentacene upon both

substrates, reflecting different stages of theasgrimorphologies formation.
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Figure 11-22. Calculation of PSD magnitudg fér low spatial frequencies region using linetirfg

For region |, the magnitude of the PSD speBy@creases from 15nm up to the 30 — 35nm and then
starts to decrease, for pentacene on parylene. l&k&viour is less pronounced for pentacene on BGB.
plateau heightsR;) were measured using the linear fitting of the kpatial frequencies region | of spectra
as shown in Figure II-22a. However, this fittingnist really appropriate because we can see tha® 82
magnitude is not at a constant value in region experimental curves (Figure 11-21). The PSD magiet
increases with the frequency in this region. Tlogeslis more pronounced for the 30nm thicknesseam
that small features (contributing to higher PSD nitagle neatfyasiio) @re more numerous than large
features (contributing to lower PSD magnitude imttagion I).

Table 1 summarizes the PSD magnituBgsdentified from experimental curves in Figure II;2f
comparison with RMS roughnessvhich corresponds to the integral of the PSD cuttveoretically R, is a
peculiar parameter corresponding to the low frequgethus the large features.

These two parameters could not be compared dirbatlyhey present the same evolution trend toward
thickness for our experimental systems (table hjs Tneans that large features mostly govern tha tot
roughness. These results are in a good agreemémtheievolution of values of the RMS roughnegeq. 3

for R;) which were previously calculated over the sanmpdea areas.

pentacene on parylene pentacene on BCB
film thickness, (nm) G, (nm) R, (M°) G, (nm) R, (M)
15 7.80+0.93 | 1.71x10%+ 4.5x10%° | 4.03+0.05| 0.91x13°+ 5.8x10%°
20 6.20+ 0.49 | 1.63x13%+5.0x10%° | 4.71+0.08| 1.06x13*+ 3.9x10%°
30 8.32+0.28 | 2.27x16*+1.1x10%® | 9.96+0.37| 1.39x13*+ 9.6x10%°
35 8.07£0.25 | 2.22x13%+ 7.2x10%° | 6.26+ 0.15| 1.76x13*+ 1.5x10%°
40 7.43+0.06 | 1.75x10%+ 4.0x10%° | 6.09+ 0.12| 1.95x13*+ 7.8x10%°
60 7.11+0.72 | 1.47x18%+4.2x10%° | 8.03+ 0.14| 3.35x13*+ 1.9x10%°

Table 1. PSD magnitudeg 8btained from the PSD curves (Figure 11-2)

and RMS roughnesscorresponding to Figure 1-21.
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The classical way to calculate the correlation flerapnsists in determining the transition frequency
fransitionIN the intersection point of the two fitting cusvef regions | and Il in the PSD spectra (Figur2dla,
b). Such an approach gives the order of magnitfidggi..about 16m™, for the experimental PSD curves,
in Figure 11-20, which corresponds to a mean gmimmeter ~ 100nm. But the real grain size varies
between 360-508nm for pentacene on parylene ameebat504-866nm for pentacene on BCB (Figure 11-19
a). So, this method does not provide a completeriggi®n of a whole grain but is just sensitivetlie details
of the high spatial scales. Another approach thatiges more adequate grain description will beussed
below.

In order to determine the slope of the high-freqeregion Il the exponential part of PSD was fitted
using the expression (9) (see Figure 11-22b), wigjisles for asymptotic ranged (- ):

PSD(f) = Kf ™ (eq 2.22)

Resulting values of the slopey () are reported in the table 2 with related valuescaling exponent & ).

wherey = 2(1+a), for distances inferior to the correlation length)((Figure 11-25 b).

pentacene on parylene pentacene on BCB
film thickness, (nm) Y a y a
15 2.94+0.10 0.47 2.66x0.11| 0.33
20 3.07+ 0.06 0.49 2.88+0.07| 0.43
30 3.14+0.12 0.91 2.95£0.12| 0.49
35 3.27+£0.07 0.89 3.05£0.08| 0.54
40 3.15%+ 0.07 0.58 2.82+0.14| 0.46
60 3.13+0.10 0.56 2.69+0.09| 0.34

Table 2. PSD slopey() and scaling exponenix()

The calculated: for both pentacene on parylene and on BCB exhitmiinear evolution: the scaling
exponents increase up to their maximum values -@&580n and then decrease for higher coverages.dhse
that grains become more circular or compact atktligisknesses. The pentacene grown on paryleneeshow
a grain morphology approaching the ideal circulaape ¢=1) with a relatedz of 0.91 and 0.89, for
thicknesses of 30nm and 35nm, respectively. Fotagene on BCB, the same increase ofdhalue is
observed at the same thicknesses. However, thes/ahached are not high enough to reveal a paticul
change in the grains shape (respectively 0.49 &%).0

Using the fractal model, we can calculate the spkstrength K) the spectral index) parameters

and the fractal dimensidd. Values are reported in Table 3.
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pentacene on parylene pentacene on BCB
film thickness, (nm) K v D¢ K v D¢
15 4.04x10° 1.94% 0.10 2.49 1.49x16 1.66% 0,11 2.42
20 6.32x1C° 1.98+ 0.07 2.50 8.22x16 1.86% 0,11 2.47
30 2.67x10° 2.81+ 0.19 2.70 2.34x10 1.98% 0,09 2.50
35 1.74x10 2.78+ 0.08 2.69 1.28x16 2.08% 0,16 2.52
40 2.15x10° 216+ 0.15 2.54 4.33x10 1.92% 0,09 2.48
60 1.45x107 2.12+ 0.06 2.53 5.44x16 1.67£ 0,10 2.42

Table 3. Fractal contribution components (RSH): spectral strengthK(), spectral indexw) and

fractal dimensiorD;

The fractal dimension takes into account the satesinfluence and provides the information aboet th
relative amounts of the surface irregularitiesiiecent scales.

In our case, it means that it can be influencedhieyparylene or BCB surface, respectively. Table 3
shows that alD; values are around ~ 2.5, which indicates the poeseh Brownian fractals in surface
morphology and is related to a strong dependendtleeomicrostructural nature of pentacene surfacethe
deposition parameters. One can notice thatDthealues for pentacene on parylene are slightlyelatijan
the corresponding values for pentacene on BCB, mgaa higher sticking probability of pentacene
molecules while deposition on the parylene thanhenBCB (see paragraph V-2-2-2 for more detailbe T
maximal fractal dimensions are obtained for filnickimesses of 30 and 35nm in both cases, that can be
explained by an increase of the sticking probabitir these coverages. The fractal strerigjib stronger for
pentacene on parylene surfaces than on BCB thdieaglated to the respective roughness of thacesf.

Using thek correlation model, we can extract the 3 functiggaaameter#, B, C. They are presented
in Table 4.

pentacene on parylene pentacene on BCB
film
thickness, | A (m°) B (m? C A (md) B (m?) C
(nm)
15 2.34x10% 3.51x10 3.14 1.04x16* 1.38x10 1.26
20 1.99x10% 5.63x10 2.12 1.24x16* 9.47x16 1.64
30 2.25x10% 4.99x10 2.54 1.31x16* 1.03x18 1.43
35 2.89x10% 5.67x10 2.53 2.60x16* 1.07x18 1.52
40 1.60x10% 4.44x10 2.63 2.13x16* 9.22x16 2.03
60 2.90x10* 3.75x10 2.85 4.24x16* 1.55x10 1.38

Table 4. Parameters of k-correlation model for RBids of pentacene films
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The A parameter has the same physical sense thiant fhey are calculated differently. Obtained eslfor

A andR, look similar (tables 1 and 3). The inverse valti¢he parameteB represents the mean grain size.
According to ABC-model, the maximum grain sizeslB,ryiene= 1/3.51x107 = 28.49nm (for thickness of
15nm) and 1/Bcg = 1/1.03x107 = 108.46nm (for thickness of 30nm)wewer, these values are not in
agreement with the mean size of the grains measurdelgure 11-19 a): 508nm for pentacene on pae/len
and 866nm for pentacene on BCB. These lower valti@8.49nm (on parylene) and 108.46nm (on BCB)
are due to the high sensitivity of the k-correlatimodel to small morphological features. In fatist
measurement allows to identify a subjacent streciside the grains, which can be related to sizamall
terrasses on the top of grains (see Figure 1I-1dj.b,

Values of theC parameter are in the interval between 2.12 to &i4entacene on parylene and
between 1.26 to 2.03 for pentacene on BCB. It masva in Chapter | that these values inform to tfewgh
mechanisms. In our study, it means that the grosftthe pentacene films on parylene begins by an
evaporation and condensation mechani€n¥ (2) and evoluates in a bulk diffusion mechani€n=(3) for
thicknesses higher than 30nm. For the pentacef3C) the growth begins by a viscous flow mode uatil
thickness of 35nm and changes in an evaporatiortamdiensation mechanism for higher thicknesses.

In addition, the equivalent RMS roughnegsc and the correlation lengisc can also be calculated

and are reported in Table 5.

pentacene on parylene pentacene on BCB
film thickness,
(nm) Gsc (Nm) Taec (M) Gasc (M) | Tasc (NM)
15 0.57 239.88 4.32 46.96
20 1.18 64.31 2.06 192.16
30 0.94 109.21 2.82 110.84
35 1.22 95.30 3.75 133.03
40 0.69 132.19 2.08 353.40
60 0.74 184.92 8.11 63.94

Table 5. Intrinsic contribution componemtgc andtagc (equivalent RMS roughness and correlation length)

For both substratesysc values are lower than those calculated from ros#msquare deviation of the
height ¢ values in Table 1). Unfortunately, the generatdref a singular value for 30 or 35 nm thicknesses
is not observed. This can be explained by thetfatthe expression efscimplies a well-defined value of
the A parameter, thus in our spectra, we don't haveif@mum plateau but a decaying functitoward lower

frequencies. This induces a high uncertainty ormthvelue and then on thggc.

The k-correlation model is more suitable in the donof spatial frequencies corresponding to Bhe
and C parameters. Then the correlation length: describes more precisely the size of the featupgs.

values are larger tharvalues, however they are still smaller than realrg size. This can be interpreted
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by the fact that the position of the “knee” desesila structure corresponding to the irregularafethe grain

surface.

Applying the superstructure model, gives paransgbeesented in table 6. The parametgrsind sy,
correspond to the size of aggregates and singlasgvéth their respective height parametesg and s,
This model is appropriate to our system, becaused#position rate of pentacene was constant and the

formation of aggregates has been influenced byahation of the film thickness (see Chapter ).

pentacene on parylene pentacene on BCB
film
thickness, |  Tsh1,nm Oshl,nm Tsh2,nm Osh2,nm Tshl,um | Oshi,nm | Tsh2, nm Osh2

(nm)
15 780.78t 82 | 247+ 0.17 | 28523k 11 | 3.91£0.08 | 1.27£0.14 | 1.46£0.10 | 386.3tk 45 | 2.54% 0.19
20 81358+ 99 | 254+ 0.21 | 29656k 19 | 419+ 0.19 | 1.39E 0.16 | 1.41+ 0.10 | 410.8ak 34 | 3.89F 0.22
30 1100% 110 | 2.0ak 0.13 | 292.66£ 6.2 | 4.35-0.06 | 1.56£ 0.21 | 1.44F0.13| 511.96F 41 | 3.01+ 0.17
35 83171 40 | 298 0.09 | 292.4ak 11 | 4.34+0.08 | 1.35£0.14 | 1.97£ 0.14 | 428.89k 28 | 3.77X 0.16
40 672.72t 61 | 251+ 0.17 | 360.95F 14 | 351+ 0.08 | 1.180.12 | 2.17£ 0.16 | 502.9ak 29 | 3.58% 0.13
60 596.55% 41 | 2.40t 0.11 | 201.9ak 55| 4.36t0.08 | 1.03k 0.12 | 3.28-0.25 | 399.7ak 12 | 5.28% 0.09

Table 6. Superstructure contribution component®(R)SParameters;,;andzydescribe mean size of aggregates

(superstructures) and grains respectively withrtheight parametes;,; andosn,

Figure 11-23 shows an AFM image of both systems dof0nm thickness; Morphological features
(grains and aggregates of grains) are reported tvétin characteristic parametets; andzsp,for pentacene
deposited on parylene (Figure 11-23a) and on BCRyufe [1-23b). The mean sizes of aggregates are
described by theg,; parameter. Inside the aggregates, smaller gra@speesented with a mean size
described by the,,,parameter. On the image, blue contours surroungeggtes with their constituent grains
and scale bares represent the real valueg;@ihndzgn,.

These two kinds of grains, small and large are ¢asybserve on the pentacene on BCB surface
(Figure 11-23b), they correspond to the two siggandzsn, For the pentacene on parylene theparameter
describes the size of large grains composed bysthall ones characterized by thg, parameter

(aggregates).
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Figure 11-23. Correspondence between aggregate aizeé grain size on AFM images 10um x 10um for a
40nm thickness deposited on parylene (a) and BB (

Table 3 shows that aggregate and grain sizgsand zs, , are both 60% smaller for pentacene on
parylene than for pentacene on BCB. It is in agesgmwvith results obtained by the segmentation ntetho
(Figure 11-19 (c), (d)).

For more convenience, thg; andzsn, values are presented in Figure 11-24.
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Figure 11-24. Grain and aggregate sizgg,andzsn, obtained with the superstructure Rgmodel
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As shown in Figure II-24, the variation of film tkiness has caused the formation of superstructures
with sizes ranging from 596nm to 1100nm, for peatecon parylene. More precisely, by increasinditine
thickness, the size of this superstructure inciefreen 780nm to a maximal value of 1100nm for akhess
of 30nm and then decreases progressively to a vaflugd6nm. At the same time, thg, parameter
characteristic of the grain size remains aroundstree value of 288 +/— 50.7nm independently froen th
deposited thickness.

The same behaviour is also observed for the pemaoa BCB system. The superstructure size
evolves from arsp; value of 1.27um to 1.56 pm for a 30 nm thicknesd @nen falls linearly down to

1.03um. Similarly, thes,,parameter remains around a value of 440 +/— 54 fomall thicknesses.

An important conclusion is that the size evolutafrthe aggregates is not due to an evolution of the
size of the grains that form them but is mostlyuefced by the quantity of these grains.

On both substrates, the height parametgyisandog,, reflect the relation between superstructure and
grain heights for different film thicknesses but tiweir absolute values. For both substrates, talon of
the height parameters lead d¢g>>osn1. This means that individual grains are higher tHagirtaggregates.
This erroneous result can be understood by theesbépghe PSD curve at low frequency, a decreasing
tendency (Figure 11-21). Consequently, lower spaff@quencies representative of aggregates (larger
features), have lower PSD magnitude values, leadingwer heights than smaller grains. It means éha

andosn, absolute values can not be compared directly twleem.

The surface analysis of the morphological structlugng growth was done by classical parameters
measurements and by using the PSD spectral metitbddferent models. Several informations were
obtained and particularly, the specificity of th@3 nm thickness was demonstrated by many parasnete
According to the k-correlation model, this thickee®rresponds to an evolution in the growth mecmasti
rrom evaporation and condensation modes to a btilistbn mode, for pentacene on parylene, and feom
viscous flow to an evaporation condensation modpdéotacene on BCB.

The a value shows that a more regular shape of the gjigiobtained at this thickness, it tends to a
circular shape for pentacene on parylene. Thrderdiit feature sizes were identified, the terraseth
around 30nm and 100nm for pentacene on parylenemfBLB respectively, given by the B parameter, the
grain size and the superstructure, aggregatepbizéned by the superstructure model. It was shimanthe
grain size is roughly constant during growth anat tine aggregates enlarge by adding grains reathiang

largest size for the 30nm thickness.
The surface analysis is not sufficient to answah®issue “Why is there a specific 30nm thicknéss?

We should take into account, surface energy coresides, and experimental conditions of the film

deposition.
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Il - 3 Surface free enerqy of pentacene: one of & driving factors in films
patterning

Hence, we can establish two general stages in gamdilm growth: one is substrate-induced and the
other one is a thickness-driven stage.

Substrate-induced pentacene growth mode can baieaglby the dependence of the diffusion length
of the deposited molecules on the roughness anfdedenergy of the surfaces.

To interpret the mechanism driving the enhancenoérthe pentacene grains size, we propose to
follow the pentacene surface free energies foresponding thicknesses 15nm, 30nm and 40nm.

111-3-1 Contact-angle measurements

The surface energies for different pentacene sanwpdee calculated by measuring contact angles with
various test liquids. Two types of contact anglé¢erewere used: a PG-3 Measuring Head (FIBRO System
AB, Sweden) and a GBX Instrumentation Scientifigagnce).

First experiments were realized with the PG-3 MaaguHead at a temperature T = 23-24°C and a
relative humidity of 33%. The algorithm ASTM D594&tandard Test Method for Corona-Treated Polymer
Films using Water Contact Angle Measurements) aldav perform free surface energy calculations and
only requires deionised water (copyright ASTM Intronal)In our calculation, we will take the valae
y=72.8 mJ/rafor the surface tension of the deionised water[114

The liquid deposition was realized in automaticimezs with microsyringe that pulled the liquid into
the teflon capillary to prevent the wetting of thguid. The volume of the water drop was 1.5ul that
provided stable conditions of deposition. Howewerelaxation after deposition was observed wherdtbp
was brought in contact with the surface. The rdlaraprocess was studied in dynamic regime of ainta
angle measurements. Results showed that a stéibitizame of 60s is necessary to obtain a stabtergsry

of the water drop (Figure 1I-25).

Figure 11-25. Liquid drop (distilled water) depasit with the PG-3 Measuring Head on pentacene serfa
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After the instrument calibration, the contact angleasurements were realized with five equivalent
drops for each pentacene sample. Each measuremasrdtarted 60s after the drop deposition. The conta
angle measurements were performed for pentaceparmgtene and on BCB with equivalent thicknesses of
15, 30 and 40nm. Experimental angles and theiresponding pentacene surface energies are shown in
Table 7.

P15Par P30Par P40Par P15BCB P30BCB P40BCB
Vs ¥s Vs Vs Ts ¥s

0° mJ/m? 0° mJ/m? 0° mJ/m2 0° mJ/m2 0° mJ/m? 0° mJ/m2
78.9 36.5 73 38.6 74.2 38.2 71.5 39.p 76.7 37.3 575.| 37.7

80 36.1 68.6 40.2 78.1 36.8 75.1 37.9 80.2 3p 749 38
78.8 36.5 68.5 40.3 74.2 38.2 75.3 378 80.8 338 376 42

70 39.7 61.9 42.7 64.9 41.6 72.8 38.F 79.6 36.3 957.| 441
76.6 37.3 70.4 394 68.6 40.2 70.1 397 80.8 338 226 42.6
<0> <> <0> <> <0> <> <0> <> <0> <> <0> <>
76.86 37.22 68.48 40.24) 72.00 39.00 72.96 38/66  6279.| 36.24 66.84 40.88

Table 7.6° — water contact anglgs— surface free energy of pentacene on parylene @@lumns)

and on BCB (orange columns)

Figure 11-26 presents the average values of théapene surface energigsfor both substrates. The
variation of the surface energy towards thicknasadt really marked. We can observe that both syste
reach their extremum for the 30nm thickness: a makivalue for pentacene on paryleng penzopar=
40.24mJ/mz2, and a minimal value for pentacene 0B,BCrenzosce= 36.24mJ/m2. Because these values are

largely dispersed, this variation seems to be ealty significant.

Surface energy of Pentacene
50
40,88
566 40,24 30
37,22 g
404 —I— 36,24 JJ:—
—I— - .
o 304
:
g
204
104
(o]
15 30 40
Layer thickness, nm @ Rentacene on Parylene
O Rentacene on BOB

Figure 11-26. Pentacene surface free energy asdifin of pentacene film thickness
calculated using the model ASTM D5946.
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Therefore, a second set of experiments was peefbrasing different liquids: formamide (surface
tensiony = 58.2 mJ/m?), diiodomethane £ 50.8 mJ/m?) and ethyleneglycgl £ 47.7 mJ/m?) [118]They
were realized with the GBX Instrumentation Scieqtieé at a temperature T = 22-23°C and a relative
humidity of 40%. Surface free energy was calculdtedhe integrated software using the Owens & Wendt
model and the average values of the contact aBgie Annexe I):

P15Par P30Par P40Par P15BCB P30BCB P40BCB
0° 0° 0° 0° 0° 0°
Diiodomethane 37.4 40.2 41.2 34.7 36.8 38.1
37.5 39.2 40.5 33.8 36.8 40.7
375 38.6 40.5 31.4 36.3 40.7

Average | 37.4%£ 034 | 39.2£0.86| 41.2£050| 33.8-1.73 | 36.8£1.14| 40.7t 1.56

Ethyleneglycol 60.3 58.3 58 51.9 55.8 52.2
60.5 58.8 58 51.7 55.3 49.8
60 59.2 58.9 51 55.2 52.7

Average | 60.3+ 0.84 | 58.8£0.50| 58t 155 | 51+ 0.89 | 54.1F 1.18 | 49.9k 1.54

Formamide 42.3 45.1 53.2 40 32 53.6
43.8 44.9 53.3 40.3 29.9 52.6
43.3 44.1 53.8 39.5 29.8 49.8

Average | 43.3£0.71| 449t 0.80| 53.2£0.95| 40t 0.40 | 29.9t1.26| 52.6t2.17

Ys mJ/m2

Total | 43.4% 2.08 | 42.6-2.04| 40.8-1.96 | 457t 2.15| 457t 2.15| 41.7t 1.96

Table 8.Contact anglés of diiodomethane, ethyleneglycol and formamidé earresponding pentacene

surface free energigg(measured with the GBX Instrumentation Scientifigue

Contact angles presented in Table 8, for all liguidere measured in a dynamic mode. The stable
part of the relaxation period was used to calculaefree energy. Each liquid was deposed 3 times the
pentacene samples.

As we can see on Figure 11-27, the pentacene freegg gradually decreases frof penispar=
43.4mJ/M t0 s penaora= 40.8mMJ/Min case of pentacene on parylene and fy@Ranisecs= 45.7mJ/r to
Ys Pen40/BCB= 41.7mJ/rin the case of pentacene on BCB. No extreme vdtudse thickness of 30nm were
observed. Furthermore, the obtained free energyesabre greater than those calculated by the ASTM
D5946 model.
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Surface energy of Pentacene
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Figure 11-27. Pentacene surface free energy as&ifin of pentacene film thickness

calculated using the model of Owens and Wendti(saanexe 1)

Hence, it is difficult to interpret these resultxarding to the different free energy values oladin
for identical samples. The analysis with three itiguis more convenient for hydrophobic surfaceg lik
pentacene. However, we did not observe large vamiaf the surface energy towards thickness. I, the
contact angle method is an efficient techniqueifiwestigating the surface energy flat, homogenends
chemically inert surfaces. Uncertainties on surfanergy appear for small sample surfaces or paftern

surfaces with microscopic domains [119].

It seems that the contact angle technique is notigm sensitive to make a difference between
various thicknesses of pentacene and both sulsstiEte drop size is larger than the superstructbserved

on the pentacene and only global measurementtaimed.

I11-3-2 AFM spectroscopy

An alternative method consists in performing thefasie free energy measurements using force
spectroscopy in the contact mode AFM. The objecisvéo obtain direct and local information on the

pentacene surface properties by the measuremeanhesion forces.

This method consists in performing force-distanoeres at some point of the surface [112]. To obtain
sufficient set of measured data, several forceadtst curves are required. However, measuremetnlke at
same place may provoke damages of the sample ¢arnoration of the cantilever tip. It may introduce
significant inaccuracy in experimentally measuresuits. For this reason, spectroscopic data welected
from well predefined areas of corresponding pemtacsurfaces. This approach also allows to avoid the
influence of ébadpositioning of the tip on the surface i.e. positimnin contaminated zones or in zones with

structural defects.
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Each scanned area represents a square grid of Jbih€ corresponding to a 200x200nm area
(Figure 11-28). Thus, the distance between neigimigonodes of the grid is 20nm, which is larger tliag
typical diameter of the tipR;, = 10nm). By this way, the pentacene surface wabeat just one time, on
points separated by a step of 20nm. The grid Si2®xl0 points was chosen experimentally and wgscal
compromise between the necessary number of measnote@nd the time needed to perform measurements
of the whole grid. In this experiment, the duratiohone cycle of force-distance measurement was 1s.
Increasing the grid dimension increases (more @@ points), induces a raise of the total time afad
acquisition. Thus, the thermal drift becomes sigaift and already indented areas can be repeatedly

rescanned.

160 180

140

60 a0 100 120
]

40

20

Figure 11-28. Adhesion measurements by grid scapmethod

(AFM image 2x2um of pentacene 35nm deposited on)BCB

Each pentacene sample was scanned at three diffdages, as shown on the example in Figure II-
28. The grids were located on different grainssuich way that one grid covered the surface of only
grain.

The same samples that have already been studie8lFby were analysed. Unfortunately, the
samples corresponding to the thicknesses of 15min4@&mm were contaminated by the contact angle
measurements. Then, for this AFM spectroscopy éxjeert, samples corresponding to 20, 30 and 35nm
thicknesses were analysed. We deliberately chogantain on exactly the same deposition conditions.

On each point, a spectroscopic curve was done asiche one in Figure 11-29. ThH&g, value (in

pA) was calculated by NOVA (NT-MDT) software andsyaresented with the other one in a diagram of 100
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points. Diagrams from grid 1 to grid 3 are presérteFigure 11-29 (a). In order to show the dispansof the
Faan histograms were presented in Figure 11-30b.

Figure 11-29 and 30 present raw data measured @pehntacene surface of 35nm thickness on BCB,
described by the AFM image in Figure 11-28.
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Figure 11-29. Measurements of the displacemenibn the backward part of the force-distance curve

for pentacene 35nm on BCB.
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Figure 11-30. Diagrams (a) and histograms (b) @f data of adhesion forces for pentacene 35nm on 8Cthe 3

different places of the surface.
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Adhesion forces were calculated from histogramaabfieved data. As shown in Figure 11-30 b), the
number of points of the scanning grid (number ofcéedistance cycles) is enough to obtain clearly
pronounced peaks which correspond to adhesion batiie tip and surface during separation (300 ppint
The three grids show that thgy, corresponding to 200pA is statistically the mastable (70%, 80%, 62%
on grids 1, 2, 3 respectively). Histograms givetib@ver deflection values in “pA”, knowing the spg
constant of the cantilever, 0.3N/m, and using aqnat2.18 and 2.19, one can obtain the adhesiare for
value in nanoNewtons.

With the assumption that the force acting on thatilever is a linear function of the piezo
displacement, the adhesion force can be calculatedrding to the Hook's law using displacemgdt
corresponding to the “snap-out ” value on the baakicurve (Figure 11-29).

Calculated adhesion forcEgy, of pentacene (eq. 2.18) and corresponding sudiaergies (eq. 2.17)

are presented in Table 9.

P20Par P30Par P35Par P20BCB | P30BCB | P35BCB
FadahnN 9.44+0.47 | 6.84£0.72 | 12.981.19 | 11.45 1.19| 10.84t0.71| 13.65 2.60
Y mJ/m?2 75.12+ 2.62 | 54.46- 3.43| 103.3@t 7.44| 91.12-7.26| 86.31 4.25| 108.6%& 16.67

Table 9. Adhesion forces s of pentacene with corresponding surface energies

For technical reasons, the AFM spectroscopic measemts were performed in air at a temperature
of 24°C and a relative humidity of 33%. Under thesaditions, the contribution of the capillary fesc
should be taken into account. The capillarity cameglected only if relative humidity is below 20/ this
case, a water meniscus can not be formed betwediptand the surface [121, 122].

In the contact mode spectroscopy, the cantilepepéinetrates in the layer of water adsorbed on the
surface. As a result, the measured adhesion femesents the sum of the capillary force betweeterwa
adsorbed on the tip and sample surfaces, and tiesiaah force due to the Van der Waals interaction.

For capillary estimation, we used the average cbraagle values obtained for both systems in
deionised water (table 7). These mean values @i = 72.45° for pentacene on parylene and
Bece=73.14° for pentacene on BCB. For a water surfasegy ofy = 72.6mJ/rh and a tip curvature of
R=10nm, capillary forced=c,, roughly around 2.75nN and 2.64nN, were calculdtadpentacene on
parylene and pentacene on BCB, respectively. Tthes,adhesion force only due to the Van der Waals
interaction can be expressed Bgsw = Faun — Fap and the corresponding surface eneygyy takes the

following form:

Fadh -F

Waw = == (eq.2.23)
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Pentacene surface energy
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Figure 11-31. Van der Waals contribution to the {a&ene surface energyyw after correction of the capillary

effect

Figure 11-31 presents the,uw pentacene surface energy. The comparison of tHfaceuenergy
values with and without the capillary contributisnmportant Eg,sin Table 9 and.qw in Figure 11-31). For
a 30nm pentacene thickness, the value decreasess#anl/m to 33 mJ/mfor pentacene on parylene, and
from 86 to 65 mJ/f for pentacene on BCB. The contribution of theiltay force to the total energy is
around 26%, thus not negligible. However, evenratte correction of the capillarity effect the suoé
energy measured by AFM is globally higher thandhe measured by contact angle method. The differenc
can be explained by the presence of two modelsseptative of the contact area of drops on micro-
patterned surfaces as shown in Figure 11-32 [123]:

- A Wenzel regime, where the solid/liquid interfasaetly follows the solid roughness

- An air-pocket (AP) or Cassie regime, where air pascare confined below the drop.

I_ILILILILILILII_I

Figure 11-32. Regimes of contact: a) Wenzel andiby-pocket regimes

Hydrophobic pentacene surface in contact with pdiguids (such as water or formamide) is
favourable to an air-pocket contact regime. In ttage, only a part of the force acting on the dsop

measured, leading to undervalued surface energgsal
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In addition, transitions from Wenzel to air-pockegime and from air-pocket to Wenzel regime are
possible indicating that a metastable state of siggmbdrop may occur [124]. Such transitions fraabke to
metastable drop states (amtte versa)can dramatically change the contact angles leatbng large
divergence of measured contact angles on pentacene.

These spectroscopic measurements are qualitatirégrent from those obtained by the contact
angle method. They are obtained by a local probsitu, and represent a direct method of measurements.
One can see that the surface energies measurpdrftacene on both substrates (parylene and BCB) aho
similar dependence on the pentacene thicknessalFim thicknesses, the surface energy of pentagen
BCB is higher than of the energy of pentacene oylgae. The same tendency has also been obseriregl us
contact angle method (Table 8, Figure 11-27). Tikin good agreement with our results of morphalabi
analysis: pentacene on the BCB exhibits a wellredienolecular crystal structure whereas on thelgaeyit
is more disordered (Figure II-11). Disorder impleeslecrease in the surface energy. It is impott@anbte
that for both substrates, the surface energy reaitheninimal value for the pentacene thicknes8@fm.
Taking into account that the surface energy of gearie 35nm is higher than those of the pentacems,20
we can assume that pentacene thickness of 30nnsdeebe a critical thickness between different tadys

organizations.

Based on these results, it can be concluded tlkatdhtact angle measurement technique is not
applicable to patterned heterogeneous solid sigfddes pentacene. In addition, the interfacialsten
between a surface and a liquid can not be easifucd from contact angle measurements [125]. In
comparison with the AFM approach, the contact anglehnique provides “average” properties of
heterogeneous surfaces, whereas the AFM, probitacak scale, is able to identify the discrete natof

such surfaces at microscopic and submicroscopétdallowing a direct surface characterization.
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IV - Discussion

IV-1 the growth mechanisms and the critical thickress

The growth of pentacene on parylene and BCB vi@hb from equivalent thicknesses of 6nm to
60nm was studied by AFM. AFM images and their gramalysis, contact angle and AFM spectroscopy
measurements, have revealed several informatiomtathe growth mechanism of pentacene and the
resulting morphology on both substrates.

The growth manifests by the presence of graingclwlgrow laterally and vertically and are
connected to each other at a thickness of 30 nguk&$ 11-15-11-16). The size of the grains on pand
varies from 780nm to a maximal value of 1100nmdadhickness of 30nm and then decreases progressivel
to a value of 596nm. On BCB, it increases from firA7to 1.56 um for a 30nm thickness and then deeseas
to 1.03um. Their shape is also different, bullelghape on parylene and pyramidal structure on BCB.

As the deposition process of pentacene on thestwbstrates was identical, it was shown that the
nature of the substrate influences the size ofjtaas, even for high coverage. The morphologyheffiim
at early growth stages (6-15nm) is directly infloeth by substrate properties. However, followingwgio
for thicknesses between 15 and 60nm is also depemafethe initial growth at 6 nm and then on the
substrate even if the substrate is totally covesethis thickness.

Difference in the size and the shape of grainstHfersame equivalent thickness of pentacene, can be
explained by the difference in chemical and phygicaperties of these insulators. More precisdig, free
energy and the roughness of the substrate arengbjwof two phenomena:

- the distribution of the first deposited pentacemdeatules on the surface

- the length of the free motion of the molecules niyirinitial stages of the grain formation. This

mode of thin film growth is also called Diffusionnhited Growth (DLG) [79].
The influence of the insulator surface on the ahipentacene growth can be clearly seen on Figt88. |
These AFM images show the morphology of the pentadiém for an equivalent thickness of 6nm.
- 3D small rounded grains are formed yet, arylene.

- Well- separated 2D pentacene islands aikleien BCB.

The study of the surface energy by contact anglesomements has shown that the variation in energy,
between the two substrates, are not significanisTthe main parameter which influence the sizestaghe
of the grains, is the roughness of the substrateAEM images of 2 x 2ufma RMS of 3.47nm and a RMS
of 0.42nm are obtained on parylene and BCB, resmdgt This difference, more than 8 times higher fo
parylene than for BCB is determinant in the initgdowth. Reduction in grain size of an organic
semiconductor with increasing of roughness of tieéedtric was reported [54, 55]. For rougher ditries,

the film exhibits a distinctly reduced crystal sjgd, 68].
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For pentacene on parylene, it seems that the grbagins from small rounded grains which cover
the rough surface of parylene, they coalesce irensorless rounded grains of around 300 nm at a 10nm
coverage. These grains are always present on imadegendently of the coverage beyond this thicknes
Their size corresponds to tlag, value of 288 + 51nm calculated by the superstreatuodel.

We assume that the deposition of the pentaceneaogylepe is a 3D growth mode, droplets of
pentacene adsorb on the parylene, and they gremallt reach their maximum size of around 300nm an
join to each other forming a larger superstructiarethe thickness of 30nm. Beyond 30nm, they go on
growing vertically, maintaining their 300nm sizhey appear more separated to each other becatiseirof
vertical extension.

It is clear on the images (Figure [I-16) that thailgs are closer to each other for the thicknessm30
It corresponds to the highest value of the supestitre parameters,; = 1100£110nm %, corresponds to
mean size of aggregated grains) and the lowese\aflthe surface energy measured by AFM (55 mafm
33 mJ/m without capillarity), thus the best organizatiantbe surface.

5[:]._. nm

c) d)

Figure 11-33. Pentacene 6nm deposited (a) (b) oylgrae (RMS=6.75nm) and (c) (d) on BCB (RMS=6.01nm)
Topography AFM images of 5x5|fran (a), (c) and 2x2phon (b), (d).
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According to the k-correlation model, the growthamanism of pentacene on parylene begins by an
evaporation — condensation phase (the dropletsiigrB8D grains) and changes to bulk diffusion frodmi&
(the vertical growth). 3D grain formation in therlgadeposits is not in favor of the creation ofdar
monomolecular terraces. That's why, multimolecldgers are observed (Figure 11-17).

For pentacene on BCB, the growth is different. V8efparated 2D pentacene islands are visible on
BCB for a thickness of 6 nm. On some islands, ars#cthird or forth layers begin to grow. One catice
that these supplementary layers never grow in #mec of the island; they need a step edge to omth
extend. In this growth mode, there is some kindahpetition between the deposition of species oB BC
and on pentacene. In both cases, molecules seatiffuse on the surface and stop at a step edge of
pentacene: on the bottom or on the top. This siigdkat the interaction pentacene /pentacene wrddv
over the interaction pentacene / BCB. The islandsvdaterally and extend vertically through a statk
successive terraces of monolayer height, whichedeer in size gradually as one approaches the summit
This pyramidal shape reaches its maximal widthttier thickness of 30nm. It corresponds to the malima
value of thetsh, parameter 1.56+0.26m and the minimal value of the surface energy ¢aled with the
AFM measurements (86 m¥mor 65 mJ/mwithout capillarity).

Close relationship of pentacene morphology with ghbstrate properties was also revealed by the
fractal model. The fractal strength was determitoelde stronger for pentacene films on the paryteaa on
the BCB, indicating larger roughness of paryleneamparison with BCB. In the same time, the fractal
dimension corresponds to Brownian fractal structafepentacene morphology. In the framework of
modified ballistic deposition model, it means tpantacene molecules during deposition are notrongt
interaction with the substrate and have some pilityato move. This probability (sticking probal is
strongly dependent on the microstructural naturesudfstrates and the deposition conditions. Retily,
mean fractal dimension of pentacene on paryler#z630.09 is slightly higher than those on BCB whigsh
of 2.47+0.04. That is because the probability eefmotion of the pentacene molecules on BCB isenigh

than on parylene which is one of the factors resjda for more regular pentacene grain structurBGB.

V-2 Pentacene molecular organization

More precisely, pentacene morphologies are relatdtie structure of pentacene molecular crystals.
So, the relationship between pentacene growth néstna, microstructural film characteristic and as a
result OTFT performance could be understood.

It was already shown by X-ray diffraction (XRD) rhetl that evaporated pentacene thin films exhibit
two different phases — “thin film” and “bulk” phasewvhich are characterized byspacing 1.54 and 1.45nm,
respectively [126]. The dominant pentacene film gghaepends on film deposition parameters such as
substrate temperature and deposition rate, anceftain grain conditions there is a critical fillidknessd,
which separates these two phases [126, 127]. Tihdiltin phase normally takes a place for fastervgio

rates, at lower growth temperatures, and for smilihe thicknesses compared to the bulk-phase.

114



Drummy and Martin reported [126] that the critit@itknessd, where transition from thin-film to bulk
phase mode occurs is related to interfacial surtaesrgy mismatches. These mismatches related to the
difference between the pentacene surface energihartzllk energies of the two different phases.

For the thin-film phase, pentacene has an orthobmerystal structure [128, 129] and bulk phase is
characterized by a triclinic crystal structure [L27

In the same work [126], the authors have perforttedthermodynamic calculations of the surface
energy for these two pentacene polymorphs. Accgrttireported data, surface energy for tricliniagis
of 76mJnt and 38 mJrifor orthorhombic phase. These theoretical predistiare in good agreement with
the results determined by AFM. In fact, for pentacen parylene, the surface energy values arerBlnd
(pentacene 35nm) and 32.6 nApentacene 30nm) as it is shown in Figure 1I-3dr. fhe pentacene on
BCB, the higher values of surface energy are indigeother mechanisms of thin film growth (Table 4)

Our experimental results are in many ways simitaddta reported by Cheng et al. [129], where the
pentacene films were deposited on two types ofedigt substrates — SjGand polymeric dielectrics
(polyimide and polymethylmethacrylate). They obsena thickness-dependent evolution of polymorphs of
pentacene thin-films with a transition from ortheoniibic thin-film phases to triclinic bulk phase.

As it was discussed above, the transition fromarsttbmbic to triclinic phases for pentacene growth
on BCB and parylene occur with respect to film khiesses close to 30-35nm, for pentacene on BCB and
parylene. In the work of Cheng et al., the autlidaserved a polymorph transition for the thickneflssémm,
on both polymeric substrates and 30nm on, §i@9]. However, their proposed growth model [129] i
relevant for a description of the thickness-depandeorphology evolution of pentacene on our systems
(Figure 11-34):

éé‘%» Triclinie Bulk phase

Lt
ot

Grown on
inclined planeJ'

7 . increased

flatness
substrate

Orthorhombic phase

Thin film phase

Boundary
Figure 11-34. Thickness-driven pentacene thin-finlymorphs [129]

The pentacene molecules have a tendency to startitallg on a flat surface forming the
orthorhombic crystalline structure, on both polymmetubstrates. Further increasing of film thicknlesals to
a pentacene growth on a gradually formed surfaggaih hillsides. This causes an additional indloraof

the pentacene molecules and as a result the tinrpfiase and triclinic bulk phase are formed abhéidilm

115



thicknesses. This effect is more marked for thetgmame on BCB, because the substrate is flattertrand

first deposited pentacene molecules line up negath other. For pentacene on parylene, an ordefitige

first deposited molecules on the substrate is soblavious. It is possible that the triclinic bulkgse is

present since the first deposits.

V-3 Critical thickness and mobility of charges

In order to follow the thickness-dependent cariansport properties of pentacene films, threesseri

of electrical characteristics were performed, fo¥ thicknesses of 30nm, 60nm and 100nm. Measurement
were realized for a top-gate OTFT with a BCB gagédedtric [111].

b)

(_lD)hQ (“A)UZ

Iy (A)

p=10"em’ V' s’
d=30nm; y_=3.1u
—+—d=80nm; y_=13u
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.{a)
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Figure 11-35. Output characteristics of pentace@BBop gate transistors; a){}’* vs. gate voltage,

b) drain current vs. gate voltage with switch ordoéracteristics. Adapted from [111]
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Figure 11-(385 a) presents the pentacene hole rpbiérsus applied gate voltage with a saturatibn o
the drain voltagé/, at -80V. The mobility decreases fram= 3.1x10° cm?/Vs, for the thickness of 30nm
down top = 0.61x10° cm?/Vs, for 100nm. Similar tendency was obtainedl §/l.s characteristics (Figure
[1-35 b). The OTFT speed performance decreases f[fsghg = 1.2x16, for 30nm, tolo/lox = 4.33x10, for
100nm [111].

Hence, the best electrical performances were ddaiior pentacene thickness of 30nm, which
corresponds to the thickness of the film with #ugést grain size. Thickness-driven carrier propetan be
explained by the dependence of pentacene mobititthe crystal polymorph and the molecular ordercwhi
can be affected by various crystal defects (Figug®).

traps for
injected charges

- ~—_ chemically
induced
trapping level

crystal defects

— a A T

point line surface bulk
defects || defects || defects | | defects

- interstitial | [ €dge energetic inert energetic active
dislocations rain — LUMO impurity — LUMO pentacene
9 . — LUMO pentacene || — LUMO impurity
screw boundaries
| vacancy dislocations — HOMO pentacene | — HOMO impurity
— HOMO impurity ||— HOMO pentaceng
L I~ .| mixed
substitution e

Figure 11-36. Origin of charge traps in pentacdna-film. Adapted from [130]

The charge traps in the channel region considerhly the channel mobility and the threshold
voltage. The traps in the pentacene crystals analha caused by structural imperfections and cloain
impurities. In addition extended defects, suchdgeealislocations or screw dislocations modify thailable
energy level corresponding to the appearance @&fsadae vacant orbitals in the band gap [131].dBothe
one hand, the observed sensitivity of measured liyolon the film thickness is related to polymorph
structure of pentacene. However, on the other hadf traps are located at the grain boundariesatatite
semiconductor/substrate interface [132]. This iaficmed by our experimental results which show that
higher mobility corresponds to films with the lasggrains (Figure 11-35 a). It is due to the fdwttlarger
grains lead to smaller boundary perimeter betweasing and consequently to smaller density of grain
boundary traps.
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V - Conclusion

This work present an AFM study of the growth of fgene on two different substrates: parylene and
BCB.

It was shown that under AM-AFM mode, it was poksibo perform high-quality mapping of
pentacene surfaces with sub-molecular resoluti@ve@l deposits of pentacene were studied from an
equivalent thickness of 6 nm to 60 nm. A precisalysis of the grain dimensions (lateral size, hiig
volume) was performed by classical grain analysthmiques but also by the spectral methods of crfa
analysis in reciprocal space. The Power SpectrumsiBe(PSD) was applied on the AFM images and 3
different models were used: k-correlation, fractald superstructures models to get the maximum
information on the growth mode of pentacene. Inalpel; contact angle and AFM spectroscopy
measurements were performed to get informatiorherstirface energy of pentacene on parylene and BCB.
A lower surface energy was obtained for the pemi@aa parylene than on BCB and for both substtate t
lower value was obtained for a thickness of 30nm.

It was shown a substrate-induced effect on theviraf pentacene, where the roughness of the
substrate influence more the morphology than thiase energy.

As expected, the rougher substrate pentacene isdaedormation of smaller 3D grain than the flatte
substrate. The 3D grains seem to appear for thied@posit, for the pentacene on parylene. Foragene on
BCB, the islands grow laterally and extend vertjc#hrough a stack of successive terraces of mgeola
height, which decrease in size gradually as oneoagpes the summit.

A growth mode mechanism was proposed in accordaitbethe measurements obtained by the PSD
models and with literature [129].

The presence of a critical thickness of 30-35 nme d@monstrated by statistical grain analysis and by
surface energy measurements. It corresponds tdatbest size of the structures and the lower sarfac
energy. In addition, in our electrical measuremeihtEso corresponds to the optimal electricafgrenance
of the OTFT.
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Chapter Il

AFM study of DNA-arrays assembling from X- and Y-
shaped DNA strands

| - Introduction

I-1 DNA-array assembling in the literature

Nowadays, bio-nanotechnology plays an importarg iolthe development of new materials and
devices. The use of DNA molecules is motivatedhgjrtunique ability for self-organization, theirtesxmely
high length-to-width ratio of 1Dand their appropriate chemical structure fortelecharge transport.

Highly specific intermolecular interactions betweBNA molecules are programmed by Watson-
Crick complementarities which leads to the formatad double helices from single strands [1]. Basead
highly precise recognition between DNA moleculesgi@an proposed to use DNA as a building block for
the construction of new nanometer scale architesttimat gave rise to the development of struciDiNW\
nanotechnology, in 1982 [2]. Thanks to controlledhagement of interacting molecules, DNA-based nano
structures have attracted much attention for namlespplications. Particular interest is due topgbssibility
to create more complex intermolecular patterns ttanble helices. The range of programmable self-
assembled architectures includes linear one-dimeabi(1D) structures [3-6], more complex assemljly o
two-dimensional (2D) DNA arrays [3, 7-10], and evhree-dimensional (3D) DNA nano-objects [3, 11-13]

A fundamental property of DNA-based structureshi the final association has a predictable local
geometry. This important feature of self-assemblaho-arrays has stimulated rapid progress in
nanomedicine and molecular electronics. Concernamgpmedicine, DNA-based materials show enormous
potential applications in tissue engineering, proengineering and drug delivery systems [14a]. thap
important strategy of DNA nanoarrays is their usedNA-based fluorescent nano-barcodes for single ¢
and molecular sensing [14b, 15]. On the other halgirithmic self-assembly could also be used fiAb
based computation [16-18]. For example, simple agatpns such as commutative XOR and binary
counting were performed in some works [19, 20]. #detailed descriptions of novel DNA-based material
and their applications are discussed in reviewsaof et al. and Luo et al. [21, 22].

Future applications of DNA-based nanostructuresiatecular diagnostics and therapeutics can be

potentially coupled with molecular computers. Maollee computers can be programmed for targeting and
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drugs delivery in the cellular environment. Togethdth DNA-based detection systems, it will allow
autonomous detection and disease diagnostic [21].

Biophysical functions of DNA macromolecules ansgly dependent on their surroundings, thus, a
good understanding of self-assembly propertiescdrmthanges in DNA conformation at a molecular seale
crucial for structural DNA-nanotechnology. In adudiit, the arrangement of DNA molecules often occurs
through self-assembly surfaces. It has consideramyivated studies on the DNA behaviour on solid
surfaces, in recent years [3-13, 21, 22].

Much progress in understanding controlled assermbNA molecules on solid surfaces has been
made by using AFM. AFM is an appropriate technimeDNA molecules and DNA-based complexes on
flat surfaces, especially due to its high spatiabtution and ability to operate in liquid enviroemh, making
it possible to image DNA under physiological coimis [23, 24]. The choice of appropriate substriges
very important in DNA imaging because DNA-substrateractions could affect the conformation and the
biophysical function of the macromolecule [25]. Rafucible AFM imaging depends on deposition
conditions of DNA molecules. at the same time, litam a high resolution AFM image at a moleculaiesc
a completely flat surface should be used [25, 26].

Furthermore, in some cases, it is very importanpreserve biophysical activity of DNA. This
implies that on one hand, molecules should weaitgract with the substrate to be able to movephuhe
other hand, they should be relatively stronglychital to guarantee stable imaging [25].

Several substrates have been used and many potees developed for appropriate deposition of
DNA-samples onto the surface [27-30]. In this respéhe preferred substrate mica thanks to its
atomically flat surface over a large area [31, 32]recent years, mica was frequently used to SINA-
DNA and DNA-protein interactions and conformationhinges by AFM [33-36].

The binding of DNA molecules to mica is mainly ab&d by weak electrostatic interactions through
multivalent cations [37, 38].The strength of the Adsorption can be changed by an adjustment of the
cations concentration [39]. For example, the ativacbetween negatively charged DNA molecules ded t
mica surface is often referred assalt bridgée effect, by means of divalent or multivalent caiso{40]. The
mica pre-treatment by ions and the respectivegblaonovalent and divalent ions concentration hasen
recently established [31, 41]. However, the corpettciple of DNA adsorption on the mica surfacena
clearly understood yet. Fortunately, the originsefreral forces that help to bind DNA molecules agoam
surface was elucidated in the work of Zozime ef24].

In fact, to study the DNA assembling, it is impoitté#o understand how DNA interacts with mica
surface. For this purpose, physical and chemicgpgnties of both DNA and mica should be considéned

details.
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I-2 Deposition of DNA molecules onto the mica surfse

[-2-1 Physic of adsorption

I-2-1-1 Mica as substrate for DNA imaging by AFM

Mica has become a standard substrate for AFM Hiotgogy even if surfaces of silicon, glass,
graphite or lipid bilayer and silanised substrates also be used [42, 43]. There are several typesca
which slightly differ from each other, in chemicature. Mica represents a group of minerals thaudes
muscovite, biotite, phlogophite, lepidolite and etlone [44, 45]. One of the most common used minera
surfaces is thenuscovite micdbecause its perfect cleavage along the {001} Haeresures atomically flat
and chemically inert surface that makes it suitdtteleposition of many biological materials likéNB and
proteins [46]. The control of the adsorption andpbiysical reactions of biological materials on thiea
surface requires deep understanding of the steicfucleaved mica on the atomic scale.

A crystalline structure of muscovite mica Kf$i;Al)O,o(OH), includes aluminosilicate layers
which are negatively charged due to a substitutio®i** ions by AP* ions. These layers are electrostatically

bound with each other by interlayer potassium ihas shown in Figure Ill-1a).
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Figure 111-1.Crystalline structure of the muscowuitéca. a) Side view (projection onto the a-axi§)Tbp view

(projection onto the b-axis). Vectors a and b def®01} plane, residual potassium ions are not shpi8].

During the cleavage, the separation occurs throunignlayer of potassium ions. This separation is
possible due to the weak bonds between the potageius and the adjacent aluminosilicate layersvds
established that the potassium layer breaks duttieg cleavage whereas the atomic structure of the
aluminosilicate layers remains undisrupted [47]cléaved mica surface consists in a {001} plane vaith
hexagonal arrangement of silicon Si (partly Al) anxggen O atoms, as shown in Figure llI-1b). Imtuhe

K™ ions are generally distributed in an equal matedween two surfaces. In totality, the electricrglaof
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the mica surface is negative, but the local distitim of this charge is not homogenous [48]. Initiold, the
deposition of a liquid on the cleaved mica produceterogeneous exchanges between th@kKs of the

surface and the cations of the solution [49].

The binding forces between the negatively chargié @nd the negatively charged surface of mica
change inevitably the conformation of moleculesraudeposition [50]. In the case of a weak DNA-aae
binding, the molecules can move on the substradetla@ir final conformation corresponds to the lotwes
energy state. If the molecules adhere stronglyhéo durface, they can not equilibrate and theirltiegu
conformation reflects the process of adsorptioreréfore, it is difficult to distinguish the natii@NA
conformation from those induced by the surface qudigm [51].

Consequently, a quantitative interpretation of goison mechanisms is required to understand the

processes which affect the DNA arrangement andethigdting changes in size and conformation.

I-2-1-2 Double-layer interaction between DNA and nga

The electrical double-layer model is an analyticeddel to describe qualitatively the binding of
DNA to the mica surface [52]. The correspondingcéoincludes the electrostatic repulsion between the
counterion clouds and the thermal pressure [52, 53]
This model is applied in assumption that only dévélcounterions interact with DNA and mica.
For relatively high ionic strength, between 0.1 &Ml the highly charged DNA molecule can be consde
as a charged plane surface [54]. In this case,|dar DNA concentration (lower that 1pg/ml), DNA

molecules are covered by a thin layer of countarieith a thickness; [55]:

A =02
4rol,z

(eq.3.1)

Where e is the electron chargethe surface charge density, z the ions valencdlatite Bjerrum
length (the separation at which the electrostatieraction between two elementary charges is caabpaimn

magnitude to the thermal energy) given by:

11
N

R
w
_|

(eq.3.2)

whereg is the dielectric constarkz the Boltzmann constant, afids the temperature.

Equation (3.1) shows that the thicknéss only dependent on the surface charge densityaride

valence of the counterions.
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The double-layer force can be derived in assumpti@i the double-layer potential is situated
outside the adsorbed ion layer and that the surdheege densities of the two planes are differ€hen
according to Lau et al. [56], the pressB(d) between DNA and mica is:

P =gt ], { ‘f@] (ea33)

where d is the distance between adsorbed ion layers daridx is the gradient of electrostatic

potential.

In equation (3.3), the first term corresponds wttiermal pressure of the counterions and the decon

one represents the electrostatic interaction otthmterion clouds.

The electric potential can be calculated by ushmg Poisson-Boltzmann equation for the case of

mobile ions between two charged surfaces [52, 56]:

2
d ¢(2X) + ke ?™ :I—bn(x) (eq.3.4)
dx z
with boundary conditions:
dg(x) - _aly . dg(x) = _Gly (eq.3.5)
dx x=0 ze , dx x=d ze -

whereg(x) is the normalized electrostatic potentialx) the external charge densityjs a constant

depending on boundary conditiosgandoyare the surface charge densities of mica and DBigpeactively.

It is worth to note that, from boundary conditiorguation (3.5) follows that electric potential ynl

depends owr,for x = 0 and oro, for x = d.
Substitution of eq. (3.5) into the eq. (3.3) gitles next system of transcendental equations faspreP(d)

[57]:

wdl B\Y (ot 1201, P(d 0 P(d \

Pd)] =25 oo [ 2] + o(at ov) [2hIP)] 0 RBPADL AT pp) <0, (eq.3.6)
21, ze e \f fe T \; kT
kT | N (o, + 21 P(d 121 P(d

Pld) =2 | oo b) | bloato) 26PU) (2P it P(d) > 0. (eq.3.7)
21, ze ze \f ks T \; Jes T
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As it follows from equations (3.6) and (3.7), theegsure between DNA and mica depends on their
surface charge densities, but does not dependeobullk concentration of divalent ions. It obvioustgans
that the charge density of the double-layer pra§ilaot dependent on the bulk salt concentratideo Ahe

negative pressure(d) corresponds to the attractive interaction force hue positive to the repulsive force.

The pressure between two planes can by obtainesblbing numerically the equations (3.6) and
(3.7) [57]. The results of theoretical calculateme shown in Figure 11l-2, where pressure betweBiARnd

mica surfaces is represented versus the disthfaredifferent charges of mica surface.

600 -

400

pressure (a.u.)

(iv)

Repulsion

Attraction

200

10 80
distance (nm)

Electrical double layer pressure (a.u.)

1 10 100
distance (nm)

Figure 111-2. Electrical double-layer pressure beéw DNA and mica surfaces for differents, ratios, wheres, andoy,
are surface charge densities of mica and DNA reés@ég: (i) o/op=4; (i) cdop=2; (iii) 64/c,=0.5; (iv) 6 /o= - 0.5[53].

The density of the net surface charge is the sutheohative surface charge density (for DNA, =
- 10"%¢/m? and for micas, = - 2-13%/m? wheree is the electron charge) and the adsorbed densityne.
According to Figure 1lI-2, for a net surface chamfeDNA o, = 0.1%/nn¥, the repulsion pressure decreases
for small surface charge of mica (decrease frorto({jv)).

Furthermore, if the DNA and the mica are oppositargeds./o,= - 0.5 the pressure between
them becomes attractive for large separation distaNamely, if the separatiah> d, then the attractive
pressure exceeds the thermal repulsion. The clesisict distanced, can be obtained from eq. (3) at the
conditionP(dy) = 0, thereby:

(eq.3.8)
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However, the repulsive force between DNA and migedmes stronger, for short distances. It can be
explained by the fact that the entropy of the ceriah clouds decreases near the surface [56].

Obviously, the double-layer approximation does describe all forces involved in DNA-mica
interactions; short-range attraction implies anotige of electrostatic force.

I-2-1-3 Counterion correlation

In solution, an electrostatic attractive force betww DNA and mica can appear due to the counterion
correlation on their surfaces. This mechanism wapgsed by Arenzon et al. [58] and it considers ERdA

and mica surfaces can be represented as two paraleged lines. According to the proposed modwd, t
attractive correlation force is expressed by:

€d o« -29)1-z¢)
F.(d) = p .Z,: (;fq_l_dz)sfzj (eq.3.9)

where indexes andj correspond to the mica and DNA sites respectivelndz are the valences of

i andj" ions;d is the distance between DNA and mica charged layetg+d®)"

is the distance between
thei™ mica site ang™ DNA site. The variablegy and ¢ describe the occupation of the corresponding sites

so thatg = O if the site is unoccupied ang=1 if the site is occupied.

The repartition between occupied and unoccupied $i determined through the process of energy

minimization and it also depends on the system g@bgmThe optimum repartition of counterions betwee
the DNA line and the mica surface correspondss@mggered configuration [58] (Figure 111-3).

Staggered configuration
DNA sites  i=1 i=2 i=3 i=4 i=5
e S— @\ © Divalent
S Counterions
e S
d /‘(d ",
) - \,\\ b

. .

B ) : ® .
Mica sites  j=1 72 =3 =4

Figure 111-3. Staggered configuration of countegdar the line shape of DNA and mica. Indexes i pooirespond to

charged sites, d is the distance between intemalirers, b the distance between the counteries E3].
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In assumption that only the bivalent counteriongigipate in the interaction between two lines, a
numerical solving of the eq. (3.9) shows that ttheaetive short-range force appears if the intetajistance
dis smaller than the site separatto(d < b) [53].

According to the counterion correlation approxiroatiit can be concluded that the range of
attraction between DNA and mica is determined k@ shparation distance between neighboring sites of
interacting lines. In other words, short-rangeaation is possible if DNA and mica are highly chedg
However, this model does not take into accountitifieence of the temperature on the occupancy ef th

sites.

I-2-1-4 Influence of temperature on attractive fore

The counterion correlation force was assumed tmddéemperature dependent. However, in real
conditions, thermal motion may considerably affdoe attraction of DNA onto mica which, is also
dependent on the ionic strength of the solutionréviarecisely, the ionic strength determines theestng
length of the electrostatic potential (Debye lehgtthich together with the temperature defines the
probability of the counterions to be placed in g&xgd position [53]. This probability is qualitaly
different for different separation distances.

The separation can be considered as a short separétthe distance between DNA and mica is
much smaller than the Bjerrum length €< ;). Bjerrum length defines the distance between gdsfor
which their thermal energy equals the electrostatiergy, so for distances 4gthe average electrostatic
energy between two cons-ions is larger than therthleenergy. This leads to a probability of theggred
position significantly higher than unstaggered,,@hdrefore, the DNA and mica attract each oth8}.[5

At intermediate separations dyl< d < b the probability of unstaggered position dependsooic
strength of solution.

— For low ionic strengthl (< 100mM), the Debye length is larger than the mBjer length {5 > |).

In this case, the Bjerrum length is of order of iftersite distancé (I, ~ b) that leads to a stable staggered
position of counterions. Consequently, the themrmation weakly affects attraction of the DNA to timéca,
and the probability of occupancy in staggered pwsits high and insignificantly dependent on thai¢o
strength of the solution [53].

— For high ionic strengthl (> 100mM), the Debye length is smaller than thergite separatiob
(Zp < b). In such conditions, the correlation force betweeunterions is greatly screened and the probabili
of staggered position is low. So, at high ioniesgth, the thermal motion reduces the correlataoef
between charges that leads to weak the DNA atbrafhi3].

— For large separations, where the distance bet@dxand mica exceeds, the thermal energy of
the counterions is larger than their electroskatiergy whatever the ionic strength of solution.

The electrostatic attraction between DNA and miea been explained by using the model of
correlation force between divalent or higher vaéenations. However, the mechanism of attractionbmn

greatly influenced by the presence of monovaletibies.
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I-2-1-5 Influence of monovalent cations on attractin force

The valence of cations involved in the DNA-micaenaiction determines the attraction force,
namely, the monovalent cations enter into the caditnqe with the divalent cations to neutralize negaly
charged surfaces of DNA and mica. Hence, the seirfl@nsity of monovalent and divalent cations orin bot
surfaces is a determinant factor for the attradtivee. In fact, the correlation of monovalent oapfi does not
contribute to the attraction, but a high surfacesity of them may completely inhibit DNA adsorptionto
the mica surface [55].

To study the competitive interactions of the momamd divalent cations with DNA and mica
surfaces, their surface charge densities shoultkbeciated with their bulk concentrations. For thigose,
the Poisson-Boltzmann theory can be used [55]. Aliog to this theory, the surface concentrations of

monovalent ifs)) and divalentifs,) cations can be presented as follows:

ng =n, &'’ (eq.3.10)

N, =n, &/ (eq.3.11)

wheren,; and n,, are mono- and divalent cations bulk concentratioaspectively, and/ is the

surface electrostatic potential.
The surface concentration of divalent cationswith respect to the bulk concentration of the

monovalenty; and divalent,,cations can be obtained from the following equafsi:

Yrt, - (2Y +)n,+Y =0 (eq.3.12)
where Y :M (eq.3.13)
Ny

In the context of this model, the surface concdioina of cationang; andns, are constant if bulk
concentrations,; andny,vary in such way that the ratig,/ n,; is constant. It implies that the DNA to mica
attraction force remains unchangeable for a gie#io n,,/ ny;.

Theoretical calculations show that the attractiamcé is very sensitive to changes of the
concentration of divalent catiomg, on the DNA surface in the case of negligible etestatic screening, i.e.
if | <100mM [53].

Another important aspect in the DNA-mica interagttbat should be mentioned is the influence of
the chemical functionalizing of mica surface on thasorption properties. The double-layer and the

correlation force models of adsorption, previousigcussed, have been considered for clean micacgurf
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that binds DNA molecule through divalent or highatence cations. However, for AFM imaging of DNA
and DNA-based complexes, the divalent cations anemglly used together with chemically pretreatéchm
surface. On pretreated mica, a competition betweeno- and divalent cations occurs only on the DNA
surface because of the high binding of'Nbns with mica sites.

Generally added to the buffer, the Mgounterions for DNA binding to mica do not haveraat
affinity with the mica surface. As a result, tharetation force of the Mg counterions can be affected by
thermal agitation. On the contrary, thé"Niations contribute to a very strong interactiotween DNA and
the mica surface. Indeed, Msuch as Mg can easily interact with the phosphate groupsMADbases, but
Mg** does not form so strong bonds with mica thafi [9]. This different affinity with the mica surfads
explained by the difference in relationship betweathalpy of hydration and ionic radius ofNand Md".
For both, ionic radii are very close (0.65 A), bl enthalpy of hydration of Niis larger than for Mg

[37]. As a consequence, adsorbed' Nbunterions can be hardly removed by thermal motio

I-2-2 The object of study: DNA-based structures

1-2-2-1 Description

In this work, we study self-assembly architectuiefsnew DNA-based structures at the nanometric
scale. The synthesis of these structures was edalinder “click” chemistry conditions activated by
microwaves. This experimental protocol was developethe team of F. Morvan [60lUsing this strategy,
five different oligonucleotide structures were $ygized, namely: two X structures (X1 and X2 mdiesy
two Y structures (Y1 and Y2 molecules) and a 20ebamlecule. With these structures, three sets of
mixtures were prepared: X1+X2, Y1+Y2 and X1+20basedures in order to study their ability to create
self-assembled architectures in different condgion

The X and Y structures are so called due to themnd Y-like molecular shapes. At a molecular level
both X and Y structures are composed of the peyttadyl [60] core and a certain number of singldl®
strands (4 for X structures, 3 for Y structures arefrands for 20 bases-molecules that is illustiat details
in Annexe 1l). This core plays the role of a linkeetween the oligonucleotides and determines théatp
structure of a molecule i.e. the shape of the X structures.

Synthesized X structures are composed of four sisgghnds (each contains 10 oligonucleotide bases)
exhibiting twice the same sequence for both X1 dadnolecules. More precisely, as it is shown inuFig
-4 (a), two sequences of X1 (Xlare complementary to two sequences of X2 (X2at)) the other two
sequences of X1 (%L are complementary to two sequences of X2 (X2&)verned by complementary
recognition, the molecules of X1+X2 mixture candreanged in linear double double-stranded chains or
more complex two dimensional squared double-stindet architectures. Expected patterns are
schematically illustrated in Figure lll-4 (a) arg).(
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Figure 111-4. (a) Linear double double-stranded émdmesh of double double-stranded

X structures expected for X1 and X2 shaped molacule

Using the similar strategy, the Y-shaped structwvese synthesized (see Annexe Il). Each molecule
has three single strands (each composed from Hhasnnected by Y-like linker between them. Moexov
two among these strands are the same for Y1 anahdf@cules. More precisely, two identical sequerafes
Y1 (Y1,) are complementary to two sequences of Y2.{)yand another one sequence of Y1 {Yis
complementary to one sequence of Y2 Ly #gFigure 1lI-5(a)). Two possible arrangementsha# Y1 and Y2
are expected. Similarly to X1+X2, the Y1+Y2 candagterned in a linear chain or a two dimensionasime
architectures, but with different topologies. Institase, the conformation of the chain should be an
alternation of double double-stranded and singlébtinstranded, that is defined by the shape ofitgires
(Figure 1l1-5(a)). The Y1+Y2 mixture should alsoopide the creation of a 2D mesh with a periodical
change in the density of double-stranded oligoraies, as shown in Figure 111-5(b).

Y24 Y1

|
9“

I

=
e e ——

a) b)

Figure 111-5. (a) Linear double/single double-slad and (b) mesh of double/single double-stranded

structures expected for Y1 and Y2 shaped molecules.

The third mixture includes the previously describ€d structure and the 20 base molecule. The 20
base molecule is a single-stranded oligonuclectetpience composed of 20 bases. One half of thes@Oba
is complementary to one sequence of X1 and the biié— to another X1 sequence. Namely, the pest
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of the 20 base molecule (10mgrsequence) is complementary to one sequence paXd the second part
(10merg; sequence) is complementary to one sequence pfMdlecules of the X1+20 bases mixture are
also expected to be able to form linear and 2Ditctures, which can be obtained, through the ifbxetvith
the 20 base molecules, by the end-to-end stackadofdcules, as it is shown in Figure 111-6 (a) &byl

10mers 10mers
X1, Ky + |=C2r—C ———— s ><
[—_—"]

|
< ——

a) b)

Figure 111-6. (a) Linear double double-stranded émdmesh of double double-stranded
structures expected for X1-shaped and 20 base dimaplecules.

|-2-2-2 Experimental verification of molecular assebly

In order to study the association of the X1+X2, Y2+and X1+20bases structures, UV-thermal
dissociation experiments were realized for eachtun#x Thermal dissociation study gives informatadout
fusion and hybridization of nucleotides as a fumetof the temperature. An example of such study is
presented for X1 and X2 structures and their mexXit+X2 in Figure I11-7.

0.8 double strands /,){Tm T == 081 gouble strands ) ,Jm T
(duplex) ) € (duplex) el
o e — — B S
o 074 X o7 )
2 R §
o J
= 0.6
= 06 s
= 2
1] [x]
5 059 2 single strands
2 single strands < T I T M
< ’ m:'—:fh; e 044 = ,7——7;/;_':Jm;4 o
. . T : 0.3 T T T T
20 40 60 80 20 40 60 80
Temperature () Temperature (C)

Figure 111-7. (a) Experimental fusion and (b) hybriation curves obtained for X1, X2 and X1+X2 sttues
Upper curves correspond to X1+X2c1 and X2+X1c2 e, bottom curves —

to single stranded DNA of corresponding structures.
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Experimental study of thermal dissociation for Xaphd structures was performed at the concentration
of 1uM, for each molecule, in a phosphate bufféutimn PBS (at a concentration of 0.01M and pH4),
which 0.1M or 1M of NaCl was added. Figure lll-presents the fusion (a) and the hybridization (byes
for the corresponding concentrations of NaCl, asdndicates the corresponding melting temperatures
(Tm). The values of the melting temperatures, memsérom the curves in Figure IlI-7 (a) and (b)e ar
presented in table 1. Just to recall, melting tewatpee is defined as the temperature at which dfathe
DNA strands are in the double-stranded state alicitein the single-strand state [61].

cor?ger?q?rle?ti/on Fusion, °C Hybrlqléatlon,
X1/0.1M 37.02 38.92
X1/1M 51.07 48.87
X2/0.1M 39.08 39.82
X2 /1M 51.12 30.82

X1+X2 /0.1M 45.22 43.78

X1+X2 [ 1M 55.92 56.02

Table 1. Melting temperatures for X1, X2 and X1+3tuctures

determined from curves in Figure 1ll-7 (a) and (b).

For Y1+Y2 structures, the study of thermal dissoahas been performed in the same conditions as
for X1+X2 structure. Corresponding TM values arpresented in the summary table together with TM of
X1+X2 structures (Table 2). The TMs of X1+20baseacture are believed to be equal to that of X1+X2,

because both structures have exactly the samefsaligonucleotide sequences.

Sample TM of X1+X2 °C TM of Y1+Y2 °C
[NaCl] Denaturation Fusion Hybridization|  Fusion| Hybridization
0.1M 45 44 45 46

1M 56 56 55 58

Table 2. Experimentally determined TM for X1+X2 a¥ithY2 mixtures.

As it can be clearly seen from fusion and hybriticzacurves in Figure 1lI-7 (a) and (b), the X1+X2
mixture presents higher absorbance values thaatébIX1 or X2 structures. It indicates a high atffirof
hybridized double-stranded structures in comparisih non hybridized single strands suggesting Xiht
and X2 interact together with more than one seqeleimcaddition, a higher concentration of NaCl farg
stronger interaction between nucleotides. This detmd higher values of melting temperatures measured
during fusion and hybridization, meaning a bettegrinal stability of DNA double strands as a part of

X1+X2 structure. The similar tendency was obsefeed1+Y2 structures.
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In order to determine which pair of complementamarsds (duplex) (X#X2c; or X1,/X2c, for
X1+X2 etc) participates the most to the experim@ntaeasured TM, theoretical prediction of TM vadue
for each duplex was performed using the Zuker'sehdanfold” software [62]. Results are presentedha
Table3.

Sample TM of X1+X2 °C TM of Y1+Y2 °C
Duplex
P 5'-GAC GCT GTG G-3'(X11) 5-GAC GCT AAT C-3' (X12) | 5-GAC GCT GTT GG-3' (Y11) | 5-GAC GCT AAT C-3' (Y12)
[N C|] 3'-CTA CGA CAC C-5'(X2c1) 3-CTG CGA TTA G-3' (X2c2) 3'-CTA CGA CAA CC5'-(Y2C1) 3-CTG CGA TTA G-3' (Y2c2)
a
0.1 M 43.9 34.0 42.9 34.0
1M 54.5 44.8 57.2 44.8

Table 3. Theoretically calculated TM for X1+X2 aviti+Y2 structures in presence of NaCl.

On Table 3, the calculated TM values of the)/X2c; duplex, i.e. ~ 44°C and 55°C for NaCl
concentration of 0.1M and 1M, respectively, areyvaose to the experimental TM values of 45°C a6t
(fusion) and 44°C and 56°C, (hybridization) presdnbn Table 2. Calculated values for the, /X2c,
duplex, 10°C lower (34°C and 45°C) demonstrateltie contribution of this duplex in the experimental
TM. These results are also entirely applicable 16-20bases structures.

Using similar considerations to Y1+Y2 structureea@an also conclude that experimentally measured
TMs corresponds to the YY¥2¢; duplex and not to the ¥/Y2.,. Experimental TMs for YXY?2¢,; are 45°C
and 55°C (fusion), and 46°C and 58°C (hybridizatiimm NaCl concentration of 0.1M and 1M, respediive
(Table 2) and predicted values are ~ 43°C and §Tdble3). Calculated TMs of ¥AY2., are ~ 34°C and
45°C for respective NaCl concentrations which ipragimately 11°C lower than calculated TMs for
Y1.4/Y2c; duplex.

This study of the duplex thermal dissociation lefadan important conclusion: The duplexes, elements
of X1+X2, Y1+Y2 and X1+20bases structures are attarzzed by different thermal stabilities. This
indicates that the denaturation starts for/X2c, duplex while the other duplex XX2c; remains stable.
The same behaviour, also occurs for the Y1+Y2 ahti20base structures.

Concerning these specific structures, our firstatigpsis is that they will form linear double-stradd
structures rather than two-dimensional networksorbfer to obtain any insights of the global arranget,
an AFM study of the different structures was perfed. Our objective is not only to observe but dtso

determine the influence of the medium (air or défg buffers) on the arrangement.
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[-2-3 Preparation of samples for AFM studies

I-2-3-1 The salt solution

After the synthesis of X-, Y-shaped and 20basesecubs, their mixtures X1+X2, Y1+Y2 and
X1+20bases were prepared in water and thereafdphliised and packed in eppendorfs containing 1emol
of each molecule. Then, each mixture was hybridired Tris acetate buffer at a concentration of Bm
containing 10mM of MgGlsalt.

The thermal dissociation of mixtures has not beemied experimentally for MgElcontaining
solution. However, based on a very good agreemetwden theoretically predicted and experimentally
measured TMs in NaCl containing solution (Tablean2i 3), the same Zuker's model [62] was used to

calculate the melting temperatures in Mggintaining solution (Table 4).

As shown in Table 4, the TM values for Mg€bncentration of 0.01M are between the respedive
values for concentrations of 0.1 and 1M of NaCl, ¥d+X2 and Y1+Y2 structures. Furthermore, the
relations between TMs of the different duplexestheesame than for NaCl containing solution. Namitlg
TM of X11/X2¢1 is 49.5°C, 39.7°C for XIX2c,, and the TM of YIY2¢; is 52.2°C, 39.7°C for YaY2c,.

Once again, the duplexes present considerableeliife in their thermal stability (Table 4).

Sample TM of X1+X2 °C TM of Y1+Y2 °C
Duplex
P 5-GAC GCT GTG G-3' (X11) | 5-GAC GCT AAT C-3' (X12) 5-GAC GCT GTT GG-3' (Y11) | 5-GAC GCT AAT C-3' (Y12)
[MgC|2] 3'-CTA CGA CAC C-5'(X2c1) 3'-CTG CGA TTA G-3' (X2c2) 3'-CTA CGA CAA CC5'-(Y2C1) 3-CTG CGA TTA G-3' (Y2c2)
0.01 M 495 39.7 52.2 39.7

Table 4. Theoretically calculated TM for X1+X2 a¥iti+Y2 structures in presence of MgCl

I-2-3-2 The hybridization of oligonucleotides

Since duplexes of mixtures X1+X2, Y1+Y2 and X1+28mhave different melting temperatures, they
can not be synthesised at a constant temperattimplies that the hybridization conditions shoeldsure
the assembly of some duplexes without affectingassembly of other duplexes. This goal can be aetie

by changing the temperature gradient during hyhbaittbn.

However, a question arises: how long should costithe hybridization process? The answer to this
guestion can be obtained by an estimation of tmatidun of the hybridization time of nucleotide seques.
The hybridization time, is the time required to reach half of the equilibr (after this value half of

all possible duplexes should be already formed): [63
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t..,= eq.3.14
V2" 3500 [T, (eq3.14)

where L is the nucleotide length int (nt is the common used abbreviation for nucleotideytlen
measurement; here equal to the total humber of pass) andCy is the nucleotide concentration in
mol/liter.

The total time of hybridization t'” is estimated to be 5 times thg, that is sufficient to reach about
90% of the equilibrium [63]. In our cage= 10 andCy = 10°M, then we obtain that,= 6.3s and = 31.3s,
according to eq. (3.14).

In our experiment, all the duplexes are not totalblated, but they can form complex structuresciwhi
are able to create linear or 2D architecturesmplies that the real hybridization timenay exceed the
estimated time of 31.3s. Consequently, the coolelgcity should not be too high in order to ensare
sufficient relaxation time for a successful assgnablDNA-based complexes.

Taking into account the above requirements for idytation of nucleotides, we followed the
experimental protocol proposed by Labean et all. [Bde eppendorfs containing each mixture wereiput
boiling water and then left to cool in a polystyedrox during 40h.

The change of water temperature, in the box, duniylgridization was recorded and is presented in
Figure IlI-8. The temperature which correspondshi highest TM (52°C for Y1+Y2) is marked by a red
circle and the lowest TM (~40°C for both X1+X2 a¥ith+Y2) by a blue circle.

&0

40

Temperature, °C

20

o 20000 40000 &0000 30000 100000 120000 140000 160000
t sec

Figure 111-8. Temperature gradient during hybridiaa.
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The temperature gradient curve allows to estimiageduration of the change in temperature of 1°C
(Figure 111-8). The temperature change from 52°@®6C takes about ~ 580min, it corresponds to agha
of 1°C in around 48min, in assumption that the terafure versus time dependence between the highest
the lowest TMs (between circles) is linear. Thustirty the theoretical hybridization tinte= 31.3s, we
obtain a change of temperature around 0.007°C,iw¢aa be considered as constant. One can therudencl

that the temperature decreases slowly enough egssuificient time for duplexes formation.

Il - AFM studies

AFM imaging was realised in air and in two liquretdia: Tris and HEPES buffers.

Each mixture before hybridization, has had the eatration of 1uM of each molecules diluted in
20pL of Tris acetate buffer (see paragraph I-2-@bridlization of oligonucleotides). After hybridizam, all
mixtures were remained intact. In other words na@ltures were deposited on the substrate from dmees
solution in which they were hybridized and neithbe chemical composition of the solution or the
concentration of molecules has not been changed.

The muscovite mica was used as a substrate fosahwles deposition according to the reasons
discussed in paragraph I-2-1. An appropriate paitéar the deposition of hybridized molecules wasd
which depends on the chemical properties of theamsierface, namely, chemically pre-treated or simple
freshly cleaved mica. All the experiments were ireal in dynamic mode AFM (AM-AFM), a detailed
description is given below.

Il - 1 Observation of the different structures in ar

11-1-1 Experimental AFM conditions

AFM imaging in air was carried out with a Smena MDT Microscope Stand Alone P-47 in AM-

AFM mode. We deliberately worked in a “light tapgirmode (the high part of the Low branch) whégp/
A ratio was of 67% for a given experimental free htonge A, = 18nm and a working amplitudgp~12nm
in order to be sure to create no damage on the BiNAtures. The scanning of samples was perfornid w
rectangular silicon cantilever with the spring dansk = 11.5N/m and a typical tip curvature of 10nm. The
cantilever was excited at its resonant frequencR2#f.7kHz allowing thus a quality factor §f = 488.
Determined experimentally optimal scanning rate betsveen 0.7-0.9Hz. Scanning was realized in anhbien
condition, at a temperatuiieof 23°C and a relative humidity = 33%.

Values of widths of DNA molecules indicated in atbss-sections of the current chapter represent
values after substracting of the convolution effeath the AFM tip. Detailed description of used

deconvolution method is explained in the Annexe I
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11-1-2 Deposition on mica substrates

In air, the arrangement was studied on chemicaéiytgeated and non treated mica surfaces. Firall of

we will focus on the study of the DNA structuresram pretreated mica.

[1-1-2-1 Deposition on non pretreated mica surface

It was known that, smooth and clean mica sheetsbeaeasily obtained by simple cleavage. In our
experiments, a mica plate was cleaved with scaple until a plane and step-free surface was olataine
Immediately, samples were deposited on this freslelgved substrate.

The deposition process follows these differentstep

- deposition from a drop of 2uL of the correspondotution, using a micropipette,

- incubation in air during 5 or 10 min,

- rinsing with deionised water,

- drying by nitrogen gas.

For such small volume, the deposition period showitlexceed a certain time because, the deposited
drop can be completely evaporated, that inevitédags to the desiccation of the deposited molecthes
juxtaposition and an undesirable salt aggregatibpmas experimentally determined that depositioneti
should not be larger than 10-12 min in our expenitaleconditions. Once the samples were depositedglu
a sufficient time, the rinsing was performed inertb remove from the surface non adsorbed molscWe
used 0.5mL of deionised water, which was accurateposited on vertically placed mica surface ireotd
let the water flow down under gravitational force.

After rinsing, samples were dried in a weak flonndfogen in order to minimize the risk to damage

deposited molecules.

11-1-2-2 Deposition on pretreated mica surface

The same deposition protocol was performed ongaetd mica.
Chemical pretreatment of the mica surface was pedd with divalent cations of Ni€lin solution.
In order to obtain a uniform distribution of divatecations on the surface, mica was completely irgtin
a NiCF* solution, before deposition of the samples. Maexisely, the pretreatment protocol included the
following stages:
- diving of the freshly cleaved mica in 10mM Nft$olution during 1min.
- rinsing of the treated mica with deionised water.
- drying by nitrogen gas
Immediately, the samples were deposited on thigated mica, following the protocol previously

described.
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[I-1-3 AFEM imagding

[1-1-3-1 Study on non treated mica surface

X1+X2 structures

For a deposit during 5min, AFM images typically sh¥1+X2 structures randomly distributed on the

mica surface in small fragments with lengths ragdietween 10 and 160nm and heights between 1.4 and
1.6 nm (Figure I1-9a).

Figure 111-9. Arrangement of X1 + X2 mixture in an non pretreated mica, deposition time t = 5min.
a) Topography image of 2x2um; b) zoom on the irsezd from image (a) 0.5x0.5um;

¢) Cross-section of the filament visible on imalgg (

Furthermore, a more complex X1+X2 association wamd, among the small linear structures. This
molecule is shown in Figure 111-9(b), which is aono of the area marked by the white rectangle inreig
[11-9 (a). This is a 1D structure of ~ 200nm londtwfour bifurcation points at which branches of K1+X2
molecule are created. Formed in such a way, brangéine loop-like structure of the assembly intliga
that there are mismatches between hybridized XIX@ncholecules. As it can be seen in the Figur®I(b),
three from four bifurcations are “three-branchedd @ne point is “four-branched”. This is possiliiariks to
the X-shaped structure of molecules which potdgtelows a connection of one molecule with fouheat
molecules (i.e. by forming single double-strandgdraction instead of double double-stranded).

Another interesting point is that the average hegdlthe small fragments (1.5+0.1nm) is higher than
the height of the long loop-like macromolecule a@W®.7nm (Figure I11-9(c)). In addition, fragmerdse
thicker than the macromolecule ~4nm and ~2nm, atisdy. This fact indicates that X1 and X2 molezsil
form long macromolecule by single double-strandekialge with each other, whereas small fragments are
double double-stranded structures.

However, even more complex structures were fornmed base of X1+X2 molecules. For exactly the

same deposition condition, a “fishhook-like” sturet was observed as shown in Figure IlI-10(a). This
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complex structure presents a symmetrical geometira/olves two types of molecular assemblingnadir
(1D) double double-stranded branches (both hawngth of ~200nm) and a 2D array assembling in the
centre of the structure and at the end of the upgrch. It is worth to note that areas with 2Deagsling

are higher (1.3-1.4nm) than areas with 1D asseml§ir8-0.9nm) (Figure 111-10(c). This can be expkd

by a larger deformation of 1D structures by the AtpAduring scanning.

Another example of X1+X2 assembling is shown igufe 111-10(b). This structure obtained after
10min of deposition exhibits three types of molacukssembling. Namely, a 1D linear assembling with
single double-stranded linkage for upper part eflttop and for a long “tail”; a 1D linear assemplivith
double double-stranded linkage for the area betweernoop and the central perpendicular part arzDa

array assembling for the central part.

2,5
E — Profile 1

* [pm]

Figure 111-10. Arrangement of X1+X2 mixture in @n non pretreated mica. a) deposition time t = HOmi

b) deposition time t = 5min; ¢) and d) are crosstiea of structures in images (a) and (b) respebtiv
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Y1+Y2 structures

As for the X1+X2 structures, the Y1+Y2 structurepdsited during 10min manifest generally, by
small dispersed fragments on AFM images (Figurd1ija), (b)). However, the length of these fragraesit
larger than the length of the X1+X2 fragments. dties between 30 to 240nm in comparison with 10 to

160nm for the X1+X2 fragments. The typical heightleese observed structures is 1.2-1.3nm (Figure Il
11(c)).
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Figure 111-11. Arrangement of Y1+Y2 mixture in @n non pretreated mica, deposition time t = 10m@jn;
Topography image of 5x5um; b) zoom in the marked af image (a) 1x1pum; c) cross-section of therfdat of
image (b).

At the same deposition condition, a large structuvit a length of ~3um was observed (Figure lll-
12a). This 1D macromolecule has three bifurcatioings, two of which create a loop at the upper pathe
molecule (Figure IlI-12b). Homogenous height (0mjrand thickness (2nm) along the whole structure
indicate that only one type of molecular assembisgresented — single double-stranded linear tstreic
(IN-Figure 12c).
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a) b) c)
Figure 111-12. Arrangement of Y1+Y2 mixture in @n non pretreated mica, deposition time t = 10m@jn;
Topography image of 2x2um; b) zoom in the marked a&f image (a) 1x1um; c) cross-section of the oraotecule

inthe marked area of image (b).
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X1+20 bases structure

In comparison with the previously described X1+X®lar1+Y2 structures, the X1+20bases mixture
did not provide the formation of small fragments tve mica surface (Figure Ill-13a). Observed linear
structure (Figure I11I-13b) with length of ~260nmdathickness of ~15nm indicate the formation of yarra
which exactly corresponds to the structure showfigare 111-6 (b).
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Figure 111-13. Arrangement of X1+20 bases mixturair on non pretreated mica, deposition time Omih; a)
Topography image of 2x2um; b) zoom in the marked af image (a) 0.3x0.3um; ¢) cross-section of the

macromolecule in the marked area of image (b).

Further observation of deposited X1+20 bases strestgave the same results. No filament and no
branched structures were observed with the X1+28basgxture on non-pretreated surface of mica (leigur
[lI-14a). Macromolecule with similar parametersn@gh of 140nm, height and thickness of 0.68nm and
13.8nm respectively) was observed (Figure llI-1dpwhich indicates a molecular assembling in a bmal
network as shown in Figure 11I-6(b). In additiohetsurface density of the deposited X1+20baseg ey
low in comparison with that of X1+X2 and Y1+Y2 sttures.
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a) b) c)
Figure 111-14. Arrangement of X1+20 bases mixturair on non pretreated mica, deposition time Omih; a)
Topography image of 2x2um; zoom in the marked afémage (a) 0.3x0.3um; c) cross-section of thenmaolecule

in the marked area of image (b).
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[1-1-3-2 Study on NiCFP** pretreated mica surface

X1+X2 structures

The pretreatment of the mica surface with KiCtations changes drastically the molecular
arrangement of the deposited mixtures. As can ba se Figure 1ll-15(a), the density of the depatsite
structure is considerably higher than on non pa¢dek mica, for the same time of deposit 10min (FEdu-
9a). Furthermore, the chemical pretreatment leadthé juxtaposition of a large number of deposited
molecules, which suggests that the electrostaterantion between molecules and substrate wasaisede

limiting the diffusion of molecules on the surface.

3,6 3
E — Profile 1

3.2—2 0.8nm

Eao3 0.47nm
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Figure 111-15. Arrangement of X1+X2 mixture in a@n pretreated mica, deposition time t = 10min; a)
Topography image of 2 um x2um; Zoom in the markea af image (a) 0.5um x0.5um; c) cross-sectichef

macromolecule in the marked area of image (b).

A close look at the arrangement of the depositeacttres in Figure 11l-15(a) reveals that among
overlapped structures there is large number of Isiredments with branched geometry. In additionisit
clearly shown that the strong DNA/substrate inteéoacalso leads to the formation of molecular déidr

aggregates on the surface as can be seen in Higli&b).

Y1+Y2 structures

As in the case of non pretreated surface (Figuwgld), Y1+Y2 structures are generally assembled in
small fragments (Figure IlI-16a) with comparableface density, on chemically modified mica. However
these fragments have complex geometry with sebeaalches and do not have a linear structure asvause
in Figure Ill-11(a). Their typical dimensions ar&nmBn of length and they are homogenous in height
~1.4+£0.1nm. This indicates that they arrange imdmstructures with double double-stranded linkages
between Y1 and Y2 molecules.

Rarely, among the small fragments, large macronugewith branched structure can be observed
(Figure 1llI-16b). This assembly of molecules consaseveral bifurcation points which make large laop
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the central part of the structure and some smbdlgps at its periphery. The macromolecule has erdat
dimension of ~500nm, and a vertical dimension dGrn. The height is quite homogenous and is around
1.5 nm, whereas the thickness varies from 4 nmOtmn8indicating the presence of 1D and 2D types of

molecular assembling (Figure Ill-16c).
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b) c)
Figure 111-16. Arrangement of Y1+Y2 mixture in a@n pretreated mica, deposition time t = 10min; a)
Topography image of 2x2pum; b) zoom in the marked af image (a) 0.5x0.5um; c¢) cross-section of the

macromolecule in the marked area of image (b).

Another example of the Y1+Y2 molecular assemblsghown in Figure 11I-17. In this case, small
fragments do not form branched structures, but bnbar structures with lengths between 8-112nroras
non pretreated mica surface (Figure 11-11). Amahgse structures, a more complex macromolecule was
found (Figure I1I-17b). This structure with a lehgif 466nm has a worm-like geometry with one biftien
point which makes a loop in the bottom part of th@ecule. As it can be seen from Figure IlI-17 {@ight
and thickness of the macromolecule are of 0.47nth2amm respectively, which is smaller than the sides

the surrounding fragments (1.4nm and 4nm respéglive
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Figure 111-17. Arrangement of Y1+Y2 mixture in @n pretreated mica, deposition time t = 10min; a)
Topography image of 2x2pum; b) zoom in the marked af image (a) 0.4x0.4um; c¢) cross-section of the

macromolecule in the marked area of image (b).
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Except in the bifurcation region (upper right paftthe loop), the height and the thickness of the
macromolecule are quite homogenous. This seemlicate that only one type of molecular assemhkng
presented: the single double-stranded linear liekag

Observed thickening in the tail of the macromoleqg@iom 0.4 to 0.9nm) is not fused in a structwse a
for the bifurcation region case. This latter canrbkated to the juxtaposition of a small double ldeu

stranded molecular fragment onto the “tail” of thacromolecule.

X1+20 bases structures

On treated mica, the mixture of X1+20bases exhdhite or few fragments, as well as in the case of
the deposition on non pretreated mica (Figure 881 However, among several scanned areas, a more
complex structure was found, which is presentdgéigare 111-18b. This macromolecule shows two sraaldi
one large loop with a small tail, and has a latsiz¢ of ~70nm and a vertical size of ~110nm. Takirio
account these parameters together with the thiskés/.8nm, it can be concluded that this molecule

corresponds to a 2D assembling with a single dostbdanded linkage.
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Figure 111-18. Arrangement of X1+20bases mixtura&inon pretreated mica, deposition time t = 10rajn;
Topography image of 2x2pum; b) zoom in the marked af image (a) 0.2x0.2um; c¢) cross-section of the

macromolecule in the marked area of image (b).

Another macromolecule with a curled geometry waseoled (Figure 111-19a). This linear structure
with length of 415nm has a height and a thickné<s38nm and 8.9nm respectively (Figure 1ll-19q)jtg
similar to the previously described structure igufe IlI-18(b). This macromolecule can also be dbed

by a 2D assembling with a single double strandddlije.
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Figure 111-19. Arrangement of X1+20bases mixtura&inon pretreated mica, deposition time t = 10rajn;
Topography image of 2x2um; b) Zoom in the markeghaf image (a) 0.3x0.3um; c) cross-section of the

macromolecule in the marked area of image (b).

11-1-4 Conclusion

This first AFM study of the structure assemblyaaled the ability of each mixture to be arranged in
different structures under ambient conditions,iinlhalso demonstrates that the pre-treatmemt@imica to
facilitate the adsorption of structures, inducegfi@ct in the organization of the structures anrthica.

Typically, on the non pretreated mica X1+X2 and+Y2 mixtures generally formed small molecular
fragments with double double-stranded structure @ode rarely, worm-like large macromolecules with
single double-stranded structure. Exceptionally,+X2 mixtures were observed to be assembled in
complexes with combined 1D and 2D structures. Om c¢bntrary, X1+20bases mixture exhibited no
branched structures neither small fragments onpretreated mica. Rare straight molecules are esibl
some places of the surface.

The NiCF* pretreated mica provides the observation of nungtoanched small fragments for the
X1+X2 mixture and rare branched fragments for tHer¥2 mixture. Furthermore, large macromolecules
have branched geometry with 2D structure and nomalike 1D structure as on non treated mica (except
one case for Y1+Y2 mixture). However, the pre-treait does not affect significantly the arrangenunt
X1+20bases molecules, only a change in their camdtion from straight to curled and loop-like was
observed without any branching. The influence ety@atement of mica on molecular organization sstgge
an important hypothesis. The NiCltreatment, increased the DNA/substrate interactasne, and then
decrease the diffusion of species on the mica serf@ne can consider that structures were “frozigfit
after deposition, they remained at the same pldmrenthey were deposited. In the contrary, on treated
mica, thermal energy of deposited molecules magesdhe DNA/substrate interaction, which is lowed a
can break intermolecular linkages. Diffusion isoajsossible. This can explain why complex branched
architectures are observed on pretreated mica amd simple non branched structures on freshly eléav
mica. So, thermodynamical processes take place contreated mica surface leading to a molecular

reorganization of the initial DNA assembling.
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[1-2 Observation in Liquids

[1-2-1 Experimental AFM conditions

AFM in liquid media was performed in a closed lidjudell equipped by a temperature controller
(NT-MDT) which allows keeping the temperature aea level with high accuracy (0.01°C). The liquéallic
has increased volume and is hermetically closeld wisilicon polymer membrane that ensures a complet
limitation of evaporation of the liquid during expaent. Furthermore, such design provides additiona
protection from external acoustic noise. Figure2Dl presents a photo of the microscope cell wit th

membrane.

membrane s

Figure 111-20. Photo of the liquid cell with the mérane (NT-MDT)

Imaging was carried out using so called “hard itaggpmode where experimentakdA, ratio was of
33-35% for chosen free amplitudég ranging between 15-20nm and working amplitudgs= 5-7nm.
Scanning of samples was performed with a rate lestv@e8-0.9Hz when the cantilever was excited at its
resonant frequencfy = 17-20kHz with relatively high quality factd® ranging between 70 and 80, not
typical in liquid. We used rectangular cantileveiith stiffnessk = 0.025N/m and typical tip curvatures of
10nm.

AFM experiments were realized at the temperatlire= 25°C in two solutions: Tris buffer
(tris(hydroxymethyl)aminomethane) and HEPES buffe(2-hydroxyethyl)-1-piperazineethanesulfon $cid
The Tris buffer was chosen because in this solutelh DNA-based mixtures were supposed to be
hybridized. The HEPES buffer was chosen for congpariand because it is often used in AFM imaging of
DNA.

In all experiments, DNA-based mixtures were depasibnto NiCl* pretreated mica because

otherwise imaging was not possible due to the vegsichment of molecules onto substrate.

149



[1-2-2 Deposition of mixtures onto pretreated micasurface

The mica was pretreated following exactly the sanaocol as the one presented in paragraph II-1-2-
2. Then, the mixtures were immediately, depositglbiing the dropping method previously described i
paragraph 11-1-2-1 but with some changes:
- cdeposition from a drop of 2uL of the correspondinfyition, using a micropipette,
- incubation in air during 5min,
- rinsing with the buffer solution,

- keeping the sample immersed in the buffer solution.

The deposition was performed in ambient conditintith a drop of 2uL of the hybridized mixture
using a standard micropipette. In order to pretlemidrop from dryness, the deposition time was 5@irce
the sample was sufficiently incubated, the non dabmolecules were removed from the surface ksinin
with Tris or HEPES buffer. Rinsing was performedusyng of 0.5mL of appropriate buffer solution, wlhi
was accurately dropped on the vertically placedansigrface in order to let the solution flow dowrden
gravitational force.

After rinsing samples were immersed in the same tyfpsolution with which they have been rinsed.
Then, totally wet samples were placed in the ARl cell filled with the appropriate liquid:

- Tris HCI 20mM + MgCi* 10mM pH=7.2,

- HEPES 10mM + NiCl' 1mM pH=7.2.

Keeping the samples in solution after rinsing agdide use of intermediate liquid (like deionized
water) and prevents molecular architectures froymeks. In the case of the Tris buffer, it makessibbs
AFM observation in an environment in which they #éiybridized. In the case of the HEPES buffersit i
interesting to observe the molecular assemblin@ isolution different from the hybridized (“mother”)

solution but with an excess of NiCions.

[1-2-3 AFM Imaging in the Tris buffer solution

X1+X2 structures

The deposition of X1+X2 mixture during 5min leadghe formation of structures with dendrimer-like
boundaries which are connected with each othehioypér structures into one large network. A typis&M
image of the network is presented in Figure 1111 he network is more visible in the phase im@ggure
I11-21b), showing a clear compositional separati@tween mica substrate and deposited X1+X2 molscule

(see chapter I).
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Figure 111-21. Arrangement of X1+X2 mixture in Trig pretreated mica, deposition time t = 5min;
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a) Topography image of 500x500nm; b) respectivesplimage of 500x500nm;

¢) histogram of the height distribution d) crosstem relative to the black line in (a).

There is no evidence of a preferred directiorhadrientation of the dendrimers. However, theie si
is always larger than the space between them.

The network in Figure 1lI-21(a) present a flat e ttop surface. Its homogenous height along the
whole surface indicates that the two-dimensionalXa structures are well levelled, on the mica stefa
The histogram of the height distribution (Figure2alb) shows two peacks: a small one centred on h
3.5nm and a high one centred on=h5.4nm. The difference between them gives the nieaght of the
network h = 1.9nm, which approximately correspotwishe DNA diameter and which indicates that this
network is a monomolecular layer of assembled X1#Xecules.

A punctual measurement of the height give a diiglatrger height of 2.3nm as can be seen on the
cross-section profile (Figure IlI-20c). It is in ragment with the mean height value and the good

homogeneity of the monomolecular layer.
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Y1+Y2 structures

In the same deposition conditions, the Y1+Y2 migtexhibits the formation of a network which
almost completely covers the mica surface. Unlike X1+X2 assembling, the Y1+Y2 molecules do not
form dendrimer-like structures but a large layertypbed by small holes of around 14nm in diameter a
some places.
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Figure 111-22. Arrangement of Y1+Y2 mixture in Trig pretreated mica, deposition time t = 5min;

o

a) Topography image of 500x500nm; b) Respectives@limage of 500x500nm;

c¢) Histogram of the height distribution d) Crosstmn relative to the black line in (a).

Figure 111-22 (a, b) depict a flat surface of whdlelled Y1+Y2 structures. In Figure 1lI-22(c), the
histogram presents two picks centred er I13.5+£0.5nm and f= 7.4+£0.2 nm which correspond to a mean
height of h = 3.9£0.5nm. This means that the uisitlirface in Figure 1llI-21(a) is the upper layeraof
double-layered Y1+Y2 network. The cross-sectiofrigure I11-22(d), gives local heights of around 4iim

agreement with this average height value.
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X1+20bases structures

The X1+20bases does not exhibit a large flat sadfdmut a more complex network, composed of

dendrimer-like structures of non regular sizes s&pd from each other by numerous small holes (Eigl

23a). The phase image gives the same informatidin probably a better resolution inside the struetur

(Figure 111-23b). The histogram in Figure 1lI-23(presents a broadened peak centred on 11.8 £0.2 nm,

beginning at around 5nm which is representativehef juxtaposition of several structures, even up to
monolayers. The shape of the peak is also chaistateit is enlarged on the low z values, whichame that

the image is dominated by the top layer but theeesame information about structures above thisrla@n

the cross-section in Figure 22(d), a local heighasurement of 3-4 monolayers is obtained.
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Figure 111-23. Arrangement of X1+20bases mixturé s on pretreated mica, deposition time t = 5min;

a) Topography image of 500x500nm; b) respectivesplmage of 500x500nm;
¢) histogram of the height distribution d) crosst&m relative to the black line in (a).
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[1-2-4 AFEM imaging in the HEPES buffer solution

X1+X2 structures

Elongated dendrimer-like structures are presensalgron the surface (Figure lll-24a). The phase
image reveals the presence of 2 different zonesdé#nk one corresponds to the background and tgetbr
one nearly to the higher features on Figure lll-:2ddact, this image shows that the dendriticrid&present
straight step edges, which sometimes extend itdménts connecting to other islands. There is ndeexce
of a preferred direction in the orientation of tlendrimers, they are randomly distributed on théase.
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Figure 111-24. Arrangement of X1+X2 mixture in HEBEbn pretreated mica, deposition time t = 5min;
a) Topography image of 500x500nm; b) Respectives@limage of 500x500nm;
c¢) Histogram of the height distribution d) crosstsm relative to the black line in (a).

The height histogram presents one thin peak ceotré2i3+0.1nm slightly broadened on the right part,
indicating the beginning of another peak diffictdt situate (Figure 111-24c). The roughness giventhg
cross-section image is in agreement with a monorntde layer but the assembling seems to be less
organized than in the case of the same mixturerig (Figure IlI-24d). The topographic image does no

reveal so clearly a 2D behaviour, only some rourta®ds randomly dispersed.
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Another example of X1+X2 assembling is shown inuéglll-25. The topographical image is more
constrasted and shows the presence of 2D denstrtictures connected, at some places, by filam&htse
different levels of color can be distinguished ba image in Figure 1l1I-25a, and on the zoom in Feglll-
25b. The first dark level is the background, theosel level the mean color of the filaments and 2D
structures and the third color, brighter is presemtop of some filaments and structures.
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Figure 111-25. Arrangement of X1+X2 mixture in HEBEbn pretreated mica, deposition time t = 5min;
a) Topography image of 500x500nm; b) Zoom in theked area of image (a) 150nmx150nm;
c¢) Histogram of the height distribution

This is in good agreement with the shape of tteograms. On Figure IlI-25c, the histogram is
centred on 3.1+0.2nm with a height distribution evhstarts around 1 nm this indicates a level af@2nm.
The peak is enlarged on the right, a second pefikrigng centred around 5+0.5nm and a third on&lse
forming further. Once agair the structures preseaight step edges, filaments have a stick shagene
preferential orientation. It seems that the assgmbthe structures is also 2D, like in the Trisusion, but
the layer is less complete for the same conceotratnd less organized. Moreover, a second layezaaipat

some places.
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Y1+Y2 structures

Like in the Tris solution, the Y1 and Y2 moleculass more densely arranged, than the X1+X2
structures, in the HEPES solution (Figure IlI-26@pviously, three different level of colours aresetved
on the image of Figure llI-26a and the zoom of Feglll-26b. the dark color corresponds to the baskgd
inside the holes, the intermediate color depidtsd of mesh-like structure, with a lot of filamenand the
bright color, some higher isolated filaments and#gher part of the mesh. Figure 111-26b revealst tfat
some places, the mesh is composed of perpenditilalarents as can be seen inside the white circle of
Figure 11I-26b. The histogram begins around 2nm asdcentred on 4 nm, which indicates that a
monomolecular layer is obtained, the intermediati®rcmesh. The peak is enlarged with a second peak

around 6 nm, this corresponds to the start of élsersd monolayer height mesh.
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Figure 111-26. Arrangement of X1+X2 mixture in HEBEbn pretreated mica, deposition time t = 5min;
a) Topography image of 500x500nm; b) Zoom in theked area of image (a) 170x170hm

¢) histogram of the height distribution d) crosstem relative to the black line in (a).

It is clear that the assembly is less organizeétlértHEPES than in the Tris, the first layer is asmeith a lot
of holes and not a quasi complete monomoleculagrlayhe cross section in Figure 1l1-26d shows the

presence of holes of different depth, between &tras.
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X1+20 bases structures

The X1+20 bases mixture presents a very differesgembly in HEPES than the other structures. The
topography seems to be dominated by small rounsladds of ~ 15+0.5nmin diameter (Figure llI-27a).
They constitute a repeating pattern and cover madiithe surface. Even when they joint each ottiery
can be individually identified. This small islansl the elementary building block of the arrangemant,
filaments are observed to connect islands. Theephmage (Figure 111-27b) does not provide of a casit
between deposited structures and the substrate.

However, the height histogram in Figure IlI-27¢tjows the mean height of 2.9nm which does not
correspond to thickness of a double layer struditishould be around 4nm). It can be explainedhayfact
that due to the dense structure of the backgroayetf the surface of mica is not accessible andezprently
it was possible to measure the height of only deosd layer.

On the other hand, the cross-section (Figure It}Zhows that height of X1+20bases architectures
actually varies between 2.3nm and 3.2nm. This atdi that not all structures were successfullylliede

during deposition.
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Figure 111-27. Arrangement of X1+20bases mixturddiEPES on pretreated mica, deposition time t = Smin
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a) Topography image of 500x500nm; b) respectivesplimage of 500x500nm;

¢) histogram of the height distribution d) crosstem relative to the black line in (a).
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11-2-5 Conclusion

The AFM study of the X1+X2, Y1+Y2 and X1+20basextmies reveals their different arrangement
in Tris and HEPES buffer solutions.

In the Tris solution, all mixtures exhibit a densarchitecture with well levelled surfaces in
comparison with structures observed in the HEPHStisn. More precisely, the structures X1+X2 and
Y1+Y2 tend to arrange in compact networks, denseammlecular layers with few holes at some placaes, i
the Tris buffer solution. They form less dense meks, some kind of mesh-like structure where 2Duiess
present straight step edges and are connectedtkylike filaments.

The X1+20bases mixture present a different arraegemn the surface. In the Tris solution, it seems
that there is no organisation on the surface, aitit of holes of several monolayers in depth.

In the contrary, some small islands of 1 ML highdemly dispersed on the substrate are observed in
the HEPES solution. They are not connected by &laisbut juxtapose to each other to form the asasgnb

The Tris buffer is the solution in which all mixas were hybridized. The Tris or HEPES buffer
solutions are the solution in which structures mantained for AFM observation. In consequenceyas
shown that HEPES buffer modifies the molecularragesment of the already deposited structures.

In HEPES buffer, the molecular assembly is modifieie to the change of the ionic strength of the
solution. In other words, it means that the molacuéorganisation takes place even after the digpogin

the pretreated mica.

It seems that the Tris buffer favors the homogengiitthe layers compared to the HEPES due to the
interaction of the DNA molecules to each otheratge than their interaction with the mica surfatieis is
due to the fact that the Mgcations, present in the Tris solution, have a dighffinity with the DNA
molecules than with the mica. Moreover?Niations have a higher affinity with muscovite mtban with
DNA.

In addition, Mg" and Nf* cations have different ionic strengths in Tris atBEPES buffers. One
should remember that, the ionic strength of a Bmluis a measure of the intensity of the electrgddf
created by ions in the solution [65]. The ionicesggth can be calculated according to the following

expression:

1
ZEZZ‘Z% (eq.3.15)
Then, the ionic strength of Mijn Tris buffer,] MgCI** = 20mM and Ni* in HEPES buffer| NiCI?*= 2mM

in our experimental conditions.

Thereby, after immersing the samples in HEPESiathie strength of the solution decreases. This may
lead to a decrease of the interaction between DhtAraica. Furthermore, a competition betweefi Wind
Mg** cations occurs which probably leads to a partidistitution of already adsorbed cations of“Muay

Ni?* cations. This leads to the disruption of previgusirmed bonds between surface of mica and DNA
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molecules. As a result, structures observed in HEREe less dense than the one observed in the Tris
solution. Molecules can not be well aligned on sheface due to their increased bonding with micavih
Ni?* cations.

Observed in both solutions, double-layer (or maste)ctures suggest that interlayer interactionghav
electrostatic origin. Otherwise, if these strucsuveere bonded to each other only by physical atisorp
then the upper layers should have been washed dwiyg rinsing procedure. Consequently, the exien
of such structures can be explained by the formatiosalt bridges between juxtaposed layers, faaaminy
Mg** cations in Tris and by Kii cations in HEPES.

By comparing the structures observed in air ankijuid, we can conclude that both liquids induce a
2D organisation of the DNA-based mixtures and tisalated filaments, sometimes worm-like wired
structures, are only present in air. It is notidedbat it was difficult to observe structures in aspecially
on non treated mica. It seems that in air, DNA-bDasetworks are not stable and the few that have bee

observed remain in a dendritic structure on treatethce or a linear macromolecule on fresh mica.

In order to have a clear idea of how exactly thdeeues are associated with each other, a 3D
molecular model was built using a software for cleamsimulation Schrédinger® (Figure 111-28). This
model was created for X1 and X2 molecules, hybedizn a linear double double-stranded chain. For
X1+X2, Y1+Y2 and X1+20bases mixtures, the numbemDdfA bases is the same, so the geometrical
parameters of this 3D structure are also relevamther mixtures.

Length of linker
c=2.34nm

Width of double double-strand
b =4.27 nm

A+ S
VR ‘ . .
\ . - Width of single double strand

b’'=1.97 nm

o
e
2 o
2

a=9.64 nm

Length of single double strand X1;X2¢;
(X1,X2c;) &’ = 3.65 nm

Figure 111-28. Molecular 3D model for X1 and X2 naglles hybridized in linear double double-strancleain.
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According to the model in Figure I11I-28, the lengithone X1 or X2 molecule (or Y1/Y2) is of 9.64
nm with a width of 4.27nm and a linker length d834nm. The length and diameter of single doublaastra

are 3.65nm and 1.97nm, respectively.

It becomes possible to better understand how mige@re assembled with each others, by comparing
the simulated 3D structure with the theoreticalljcalated molecular associations (Figures 4, 5a6j, also,
by taking into account geometries of observed stres. Models of the structures presented on Fitjlire

29a and b are proposed on Figures 29c and d.
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Figure 111-29. Molecular 3D model for X1 and X2 naglles hybridized in linear double double-strancleain.
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Structures in Figure IlI-29a and b were alreadyulsed in sectionAFM imaging on non treated
mica surfacé They are good examples because they demonstithtypes of molecular associations
observed for all mixtures. Namely, the structuesas in Figure 111-29 a, b contain the juxtapositiof 1D
and 2D architectures with several points of biftiora

The sketch in Figure 111-28c proposes an intergi@taof the molecular assembling of the structure
shown in Figure 1ll-28a. One can see a differerrceéhie molecular assembling between single double-
stranded and double double-stranded 1D and thenafghe bifurcations. Actually, there are two égpof
bifurcations:
1D-1D and 1D-2D bifurcations which are points @nsition from 1D single double-stranded to 1D deubl
double-stranded structure or from 2D to one of $ypé 1D structure. So, the molecular structure is
determined by a number of linkages between moledualongitudinal or latitudinal direction.

Figure I1I-28d is an interpretation of the molequéssembling of the structure shown in Figure lll-
28b. This structure does not contain single dosbierded chains and thus consists of 2D and 1btates

connected between them through 1D-2D bifurcations.

Using the principle of molecular association shawithe Figures 28c and d, it is possible to explain
molecular assembling for all the other DNA-basedatmies. Resulting architectures depend on the numbe
of connections involved in the interaction betwemriecules.

This number of intermolecular connections is atsongly dependent on the chemical properties of the

substrate and the environment (air, Tris and HEPES)
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General Conclusions

To summarize this work, we can see that the AFMin&pe is a powerful tool that offers a wide
enough range of capabilities to perform direct sidf morphology of experimental samples and taiob
local information on the physical and mechanicalpgrties of surfaces and isolated nanostructures.

In chapter |, we focussed on the technique, thferdifit modes, the different forces involved, aral th
advanced approach for analysis of the images.

In an appropriate operation mode, depending orchlesen working parameters and the environment,
different forces act between the tip and the samjile interaction regime is in a large extent deleahon
the sample properties that finally defines theescdlaction of short-range repulsive Pauli foromg range
van der Waals force and also electrostatic and etagforces. On the one hand, these forces maytaffe
detectable information and thus may be undesiratde,example capillary force in the air or high
viscoelastic forces on fragile biological samplewever, these forces may give additional infororati
about the sample properties and about the regimeheftip-sample interaction. For example, the
measurement of adhesion force provides informaéibaut mechanical properties of the sample. Or, in
dynamic operation mode, depending on elastic ptgseof the sample and initial parameters (A, Ag), a
bistable oscillation regime may take place wheaiaditions between one state to another can beatedidy
an inversion of phase shift.

One of the possible ways to avoid effect of capillia to pass in liquid media. However, in thiseas
the damping effect due to the higher viscosityadfiion should be taken into account. In additiakM in a
liquid media requires of more complex theoretiagatiption of the tip-surface interaction forcesrtsas the
DLVO theory.

We showed by an example on a DNA chip, that infdimmaachieved in one regime of AFM operation
can be successfully complemented by informationaioktd in another regime. This underlines the
exceptional complementarity of the different modésperation of the AFM. A clear example of thighie
ability of the AFM to simultaneously detect infortizen related to different physical properties oe th
sample. Especially, phase imaging is often perfdriogether with a standard topographical imagifgse
shift depends on working conditions and is alsongef by the contribution of mechanical propertiéshe
sample. Another example is the phase and amplgpdetroscopies, which can be realized simultangpusl

in the same conditions, and thus give an idea afwsample interaction character even before sognn

The experimental study of the phase and amplitégeinidence on the tip—surface separation allowed
to perform a quantitative description of the diasiye processes during AFM mapping of the DNA cliip.
also made possible to characterize the tip-sampdgaction regime by controlling the cantilever oot In
the other hand, it was shown that nonlinear dynamfahe cantilever is responsible of noise onitineges

and contrast artefacts.
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Calculated from phase shifts data, the dissipatiogrgy presents an evolution while changing of the
A/A, ratio. This allows to establish the influence foé initial parameters (A, § o) on the quality of the
resulting images. However, in our case, this infation is not sufficient to give of clear idea abdie
interaction regime of the tip with DNA molecule.

For this reason, we calculated the derivative efdkperimental dissipation energy curve which sffer
unambiguous identification of the tip-sample intti@n regime. For our concrete experimental systéis,
approach shows that dynamic dissipation processdbe DNA chip are mostly defined by a viscoelastic
tip-sample interaction.

Because the maximum in the energy dissipation sus/about 30eV per cycle, material contrast may
be achieved without introducing irreversible tiprfaoe modifications. Consequently, knowing the dyits
of the dissipation processes during the DNA-chipppirag, it becomes possible to predict appropriate

experimental conditions in order to prevent danmadeagile DNA molecules.

This experimental study clearly demonstrated that ¢hoice of the most adapted AFM operation
mode added to a careful adjustment of experimguata@meters can not only improve image quality,disn
may significantly affect the correctness of meagueantities.

Moreover, after imaging in good conditions, it Iscareally important to interpret all the informenti
given by the images. In this work, the spectral R&&hod for statistical analysis of the AFM images
proposed ; it gives a more complete descriptiorthef morphology in comparison with the conventional
method of analysis. Different models are describedetails in chapter | and used to characterizestudy

in chapter II.

In Chapter 1l, we studied the pentacene thickneis®g growth performed on two polymeric
substrates, parylene and benzocyclobutene (BCBM MAfas used because we wanted to characterize the
surface of pentacene at a nanometric scale, foll ffeposit thicknesses (at a submicronic scale) Ou
objective was to establish a link between the sateshature, the morphology of the pentacene tosvimel
deposited equivalent thickness and the mobilitthef charges. On these organic materials, we shtivedd
the AM-AFM mode is well appropriate to obtain thetter resolution.

To understand the morphology for thicknesses afentiban 30nm, the first step of the growth was
studied, when equivalent thicknesses of 6 nm, 18ndh15nm were deposited.

The morphology of the pentacene is different ontthe substrates and to analyse in details these
difference we used grain analysis, conventionaltaed®SD methode presented in Chapter I. The giain
distribution showed its nonlinear evolution versus equivalent film thickness. Namely, for the ramd the
film thickness from 15nm to 60nm, the largest grsire was obtained for the thickness of 30nm ot bot
substrates, around 500 nm for pentacene on parglethé860 nm for pentacene on BCB. At the same time,
the shape of the grains remained unchangeabldlftiicknesses: a bulk-like grains on the parylane a

pyramid-like ones on the BCB. Therefore, the cotieaal methods of analysis showed the existenca of
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certain critical thickness of the pentacene at 3w for a more thorough study we had to applyitauthl

methods of analysis.

Conventional methods of surface analysis gave nmftion on sample properties determined by the
distribution of heights on the surface. Howevee, BED-method gave access to the surface propertes
dimensions i.e. in vertical and lateral directiohbe application of this method to AFM images isgble
thanks to their high spatial resolution. It alloteir transformation into 2D reciprocal Fourier spand
then representation in 1D graph (PSD curve). Amslgé experimental PSD-curves was performed with
fractal and two nonlinear parametrical models (kelation and superstructural model) which provide
exhaustive information not only on the accessihbidase of the sample but also on its inner stradtur
properties.

Actually, the fractal model made it possible toadbtfractal dimension of each sample, based on
which it was elucidated that while deposition peetee molecules can move more freely on the BCB ¢inan
the parylene. This information was completed by kheorrelation model which allowed us to establish
mechanisms of growth of the pentacene films. Adogrtb this model, the growth of the pentacenediln
parylene begins by an evaporation and condensat@mianism and evolves in a bulk diffusion mechanism
for thicknesses higher than 30nm. For the pentacenBCB, the growth begins by a viscous flow mode
until a thickness of 35nm and changes in an evéiparand condensation mechanism for higher thickess
In addition, superstructures models give quantatiescription of the lateral dimensions of thetpeene
grains and their aggregates. The variation of ilhe thickness has caused the formation of supesttres
with sizes ranging from 0.6um to 1.1um for pentacen parylene from 1.3um to 1.6 um on BCB, where
the largest sizes correspond to the thickness wm3Eurthermore, according to the superstructuredetn
variation of the size of the aggregates is noteauny variation of the size of the grains that foh@m but is
mostly influenced by the quantity of grains in aggates.

Evidenced by the k-correlation model, transitiohs3@nhm from one growth mechanism to another
were already seen as peaks in the grain sizehdison obtained by the superstructures model. bhiteah,
measured by AFM spectroscopy, pentacene surfacgiesevere the lowest at this thickness namely, for
pentacene on parylene the surface energy values @&d4 mJM (pentacene 35nm) and 32.6 nfm
(pentacene 30nm). This change in surface enengytated to transition from orthorhombic to tricirphase
for pentacene growth on parylene. In a similar wegnsition of the pentacene film polymorph occans
BCB. Hence the growth mechanism can be describéallag/s: Pentacene molecules during the earlyestag
of deposition have a tendency to stand verticallyaoflat surface forming the orthorhombic crystedli
structure. Further increasing of the film thicknészds to pentacene growth on gradually formedasarbf
grains hillsides. This causes additional inclinatid pentacene molecules and as a result, thdilimiphase
and triclinic bulk phase are formed at higher filmcknesses.

Therefore, AFM imaging together with AFM spectrgsgoand spectral methods of AFM image
analysis allowed us to predict the relationshipween morphology, molecular structure and growths

mechanisms of pentacene thin films deposited oplgrae and BCB. In addition, performed electrical
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measurements on the pentacene based OFETs maaksiiblp to relate theoretically predicted pentacene
polymorph properties to its electrical performandéamely, the best electrical performances werainbt

for pentacene thickness of 30nm, which corresptmése thickness of the film with the largest grsire.

Chapter Ill was devoted to the study of structwseanblies of X- and Y-shaped DNA-mixtures.
Our objective was to reveal their ability to beasuged in different structures under ambient comalti
in air and in liquid media. After a brief descrigoti of the DNA arrangement in literature, the adagatof
the mica surface as a substrate, the X and Y anestesigned by our collaborators (F. Morvan étstitut
des Biomolécules Max Mousseron, UMR 5247, Univerdi¢ Montpellier 2) were presented and described

in details.

The effect of the mica pre-treatment by'Nons was observed. The®tations contribute to a strong
interaction between DNA and the mica surface. Thgh faffinity of the NF* with the mica surface is
explained by a high enthalpy of hydration in conigmr with the M§" which has a very close ionic radii
(0.65 A), but a enthalpy of hydration smaller ttfianNi*.

It was shown that it provoked a competition betwBgti and MgC¥* cations in DNA/mica binding.
This has a direct impact on the processes of mialeovganization on the solid surface.

In the air, the pretreatment of the muscovite rsisdace with NiCl* cations considerably changes the
molecular arrangement of X1+X2 and Y1+Y2 mixtur&ructures manifest by the presence of small
molecular fragments with double double-strandedcstire and worm-like large macromolecules with &ng
double-stranded structure on the non treated mi@age macromolecules with branched 2D geometry and
not worm-like structure formed on pretreated midawever, the pre-treatment does not affect siganfily
the arrangement of X1+20bases molecules. Non beahstiucture, are obtained straight on non pretdeat
mica and curled or loop-like on pretreated mica.

The NiCF* treatment increases the DNA/substrate interadtiore and then reduces the diffusivity of
species. Therefore, the molecules are remaindaeatame place right after deposition. In the coptran
non-treated surface, the larger thermal motion edikdy bounded to mica DNA molecules may provoke the
breaking of the intermolecular linkage which resutt the formation of more simple, non branched] an
worm-like structures. So, less exhaustible thermadyical processes on the non treated mica lead to a

molecular reorganization of the initial DNA asseingl

Observation in Tris and HEPES buffer solutions ade® different arrangement of the X1+X2, Y1+Y2
and X1+20bases mixtures. In the Tris solution daitig only Mdf* cations, all mixtures exhibit a denser
architecture with well levelled surfaces in compan with structures observed in the HEPES solution.
HEPES which contains only fications, the ionic strength is 10 times lower{ thads to a decrease of the

interaction between DNA and mica. However, DNA noales do not move away due to a partial
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substitution of already adsorbed cations of My Ni** cations which have a higher affinity with micaha
Mg?*". Disruption of previously formed bonds betweenarémd DNA molecules results in the formation of
less dense structures, in HEPES, than previousbgrgbd ones, in the Tris solution. However, molesul
can not be well aligned on the surface due to timeireased bonding with mica throw?Niations. The
presence of layered structures (2 or more layebserwed in both solutions can be explained by the
formation of salt bridges between juxtaposed mad#dayers, favoured by Mgcations in Tris and by Kii
cations in HEPES.

The AFM study of the X1+X2, Y1+Y2 and X1+20basestuwies in air and in liquid, made it possible
to establish their molecular assembling in thewveafiris solution and explore how it is influenceg b
changing the environment of observation while corigg initial conditions of adsorption. According bur
results, we can conclude that both liquids favo@Daorganisation of the DNA-based mixtures and that
isolated filaments, sometimes worm-like wired stinues, are only present in air. It was elucidabed in air,
DNA-based networks are not stable and the fewtihae been observed remain in a dendritic struciore

treated surface or a linear macromolecule on fmeish.
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Annexe |. Surface energy measurements by sessileogr

technique

The surface energyis defined as the reversible work required to fermnit area of new surface of
the material [1]. For two plane surfaces of différenaterials separated by an interface the woikdbision

W, is the reversible work required to create two navfeses across a unit area of this interface.
Wo=v1+v2—712

wherey; andy, are surface energies of two materials gnds the interfacial energy e.g. the additional
energy of interaction between these materials.

The surface energy can be determined by the comabé method [2]. This method consists in using a
liquid droplet deposited on a flat solid surfaceain Once the droplet deposited, two distinct Eopium
states are possible: partial or complete wettingelvthe liquid drop spreads on the solid surfacessults
in a low value of contact angle, which is typicat & high wettability of the surface. On the contydf the
deposited drop adopts a spherical shape, the ¢arigle becomes higher, indicating a low wettabdit the
surface. If pure water is used as a working liqti solid surface with the high/low wettabilityncae
interpreted as a hydrophilic/hydrophobic surfaespectively. So, the contact angle is a direct oreasent
of the liquid ability to spread on a surface.

The measured contact angle is the angle betweetatigent line drawn at the edge of the droplet,
prolonged down to the surface, and the surfaceep(as shown in Figure 1). The final droplet shape i
governed by the surface tension given by the dariiilin state of the three interacting phases: stifdid

and gas (as sketched in Figurel).

VAPOR

f LIQUID. &7
/ _‘(f\rsl J

SOLID =

Figure 1. Scheme of the contact angle measurements

The contact angle is related to the surface enanglycan be expressed by the Young's equation as
follows:
Yiv COP = Y5y — Vsl
whereyy, vsw Yo are the interfacial tensions between, liquid aaplor, solid and vapor, and solid and liquid,

respectivelyf is the contact angle measured experimentally.
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Among the Young equation parameters, only the ditpaipor componeny, and the contact anghe
can be determined experimentally. To calculateather parameters, several models were developesl. Th
most common models are Owens & Wendt and Good &®ssimodels [3, 4].

According to theODwens & Wendiodel [3] the surface energy is described as:

Vs = Vs + V2
where:

- yg is the dispersive componentygf (Lifshitz-Van der Vaals interactions)

- y& is the polar (non dispersive) componentoiLewis acid base)

The relation between the contact angle and théaiee®mponents is then given by:

y @ cost) =2y 2yt

Wherej{1 and y;" are dispersive and polar componentg,ofespectively.

This contact angle model requires two differentilig for the surface energy calculation. However,
the approximation on non dispersive interactionsoissidered as the geometrical mearydfand y;*. As a
result, such approximation can not predict the biela of polar polymers in agueous environment.
TheGoodVan Osanodel [4] considers that the surface energy caexpeessed as:
Vs =Vs +2Vels .
where

- yg is thedispersive component (Lifshitz-Van der Vaalsractions)

- Vs andy; are the polar components (Lewis acid base)

The general equation of the surface energy is diyen

y @+ cost) =2 y2 Ve + v +vivs)

In this model, three different liquids with knowrsplersive and polar components are necessarydolatd
the surface energy
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Annexe Il. Synthesis of X and Y shaped DNA-based

oligonucleotides

Synthesis of X-shaped molecule:

260 G*A*TG*C*TG*TG*G*
sPOS SPOS Nl\jl NaNj Nal %o 6
bl

DMTr—G* e  CAARTCHACRFT AT C* OCne
9 GATG GGG ) = owr S
DNA DMTr, idi O G*A*TG*C*TG*TG*G*
b Pyridine WAO o P g
3
Br—(CHz)e\o OCne
OCne
O-R
NiPr
2 o F Cuso4
HO Na Ascorbate
Microwaves
o / 60 30 min
HO
G*ATG*C*TG*TG*G%
J\/ Wo o P o
SPOS Ocne
NH,OH SPOS AcO
- O G*ATG*C*TG*TG*G*

-~ J\/ %oﬂﬂo
DNA NlPrz OCne
i DMTr— va\ ﬁv

OCne

GATGCTGTGG

GACGCTAATC*O vﬁ dv AN J‘\/ \H/\ ﬂﬂ
O  GATGCTGTGG
u/o J\/ \H/\ 0-P-0
GACGCTAATC—O- VF dv

X1
Structure of molecules:
X1, X1y
N=N HO
Q Q \/4/ \ O GATGCTGTGG
GAC GCT AAT C-0—R-O _~ O~ 0-PQ O N~~~ o0-P-G
o o >
o o N=N HO ©
y o \A/ N QO GATGCTGTGG
GAC GCT AAT C-0—P=0 _~ O~~~ _0-P-0 NG ot_d
o o o
X1,
X1,
X1
X202 szl
O =N HO
n \/4/ O CCACAGCATC
GAT TAG CGT C-0—R-0 O~ O7P O™ N\/\/\/\O/q/\opol
o o
o o N=N HO ©
O : o\/Q/N O  CCACAGCATC
GAT TAG CGT C-0—P=0 _~\ O~~~ 0-P-0 N o-b-d
o o o
XZCZ XZCl

173



Synthesis of Y-shaped molecule:

AcO.
O G*A*TG*C*TG*TTG*G*
sPOS SPOS R%20" NaN Nal N3%\oﬂﬂo,é,o’ 5
DMTr— G*O E— G*A*TG*C*TG*TTG*G*"O — DME OCne
THF AcO §
DNA DMTr, Pyridine N O GATTG*CTGTTG*G*
o 3%\0 0-P-0
Br—(CHz)G\O OCne
/OCne
O-R
NiP
2 o F Cuso4
HO Na Ascorbate
Microwaves
60C 30 min
O\/
N’N 9 G*A*TG*CTG*TTG*G*
NH,OH SPOS \_R OCne
-« GATG*C*TG*TTG*G*
DNA J\/ KH/s\oﬁﬂo P-0
OCne
O GATGCTGTTGG
GACGCTAATC—0~ ﬁ\ J\/ \H/\ _70
\—R \H/\ %ﬂ 0 GATGCTGTTGG
Y1l
Structure of molecules:
Y1, Y1
? NN HO O  GATGCTGTTGG
GAC GCT AAT C-0O—-P-0 o\/g/ Ne o~~~ R
i (¢) 0-P-0
o .
)
NN HO O  GATGCTGTT GG
Il
O\A/ N\/\/\/\o/q/\opo/
&
Y1,
Y1l
Y2¢, Y2¢1
o N=N HO.
0o
GAT TAG CGT C-0-P-Q O\/QN\/\/\/\O/q/\OPO/CCA ACAGCATC
O \_L' I
o
=N HO.
\ O  CCAACAGCATC
1
O\A/N\/\/\/\O/q/\OPO/
&
Y2.,
Y2
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X1 and 20bases

Structure of molecules:

X1, X1,
1% o N=N HO.
GAC GCT AAT c—o—l%—o\/\o/\/o\/\o ~_OPQ oA N\/\/\/\O%Ao—g—o’em GCTGTGG
o o 6
N=N HO.
o le) \ o
GAC GCT AAT c—o—l“v‘—o\/\o O /\/O,,%,o OVQ NS Oﬂﬂo—ﬁfo’GAT GCT GTG G
° © o X1
X1, 1
X1
10mers, 10mers;
CTACGACACC-CTGCGATTAG
20bases
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Annexe lll. Deconvolution methods

In order to substract the effect of convolutionAM tip with DNA molecules we firstly applied two

known approaches. At first, we used a formula foeciangular object and a spherical tip [1]:

D = 2J2Rh-h?, 1)

whereD — is the real widthh — is the measured heigR is the tip curvature.

Then, we also tried to use a formula for sphegeahple and spherical tip [2]:

W= \/WZ -2RH ' (2)

wherew — is the real widthW — is the measured width| — is the measured heighR,— is the tip

curvature.

These two approaches are efficient for samplestwhi#ve rectangular or spherical geometry, and a
size comparable to the size of the AFM tip, big inot the case for DNA molecules. In our experitagrthe
tip curvature was larger than the diameter of aagude (10 nm against 2 nm respectively)and the ditam
(1) and (2) do not take into account an inevital@rmation of the DNAs during the AFM experimeriier
example, in Fig. IlI-10 (c, d) one can see that theasured height depends on the width of the
macromolecules (i.e. number of molecules in a nraofecule). Obviously, except a vertical deformation
there is also effect of a side deformation, whimat detectable in our experiments. To solve ghablem,
we used the following assumption.

Since the DNA molecules form two types of 1D filartee (thin and thick), we considered that these
configurations correspond to the "single-doublarsdf and "double-double strand" of DNA molecules. S
their widths should be around 2 nm and 4 nm respayt It is possible to obtain these values (2 dnan)
when it is assumed that the radius of curvatueftip is R = 10 nm and the effect of convolutisr2R =
20 nm. This semi-empirical approach was used fidéconvolution of experimentally obtained datg.&Ho
the widths in the cross-section images in the Ghvdfitpresent deconvoluted values.

In the contrary, the values of the measured heightisespond to those directly read from the graphs.
This is because the effect of convolution takeselat the "edges” of the molecules and therefoee th
measured heights are the real heights (of coursmug take into account the effect of deformatibthe
molecules by the AFM tip). For example, insteathef height of 2nm on "single-double strand" thererily
0.7 nm due to very important deformation. But om 'ttlouble-double strand" molecules it gives 1.53amt
not 0.7 nm. So we can consider that for given gxpntal conditions a large tip of 10 nm causeargd
enough deformation on the isolated molecules agsd important on larger structures. According to the

histograms of the heights of DNA arrays, we cantBatthe effect of the deformation is negligible.
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However, it should be noted that the real geomefryhe tip was unknown and we used several
cantilevers during AFM experiments. Therefore thdius of curvature of the tip and its shape cowd b

different for each selected cantilever.
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Abstract

This work reports the various aspects of the apptia of atomic force microscopy (AFM), for the cheterization of
organic semiconductors and DNA-based arrays, fgamc electronics and biological applications. @ese soft surfaces, the
amplitude modulation AFM mode was chosen. This @ds argued by a study of dissipative processa$omned on a particular
sample, a DNA chip. We showed the influence of expental parameters on the topographic and phasgenguality. By
calculating the dissipative energy, it was showat tihe dissipation on the DNA chip was mainly inellidy a viscoelastic tip-
sample interaction.

The AFM study of the "thickness-driven” pentacenangh was made to link the morphology to the natfrthe substrate
and to the electrical performance of created penedased Organic Field Effect Transistor (OFETgp@sited on two polymer
substrates, parylene and benzocyclobutene (BCB), gargahas been characterized for nanoscale filrkrtegses between 6 and
60nm. It has been shown that the larger grains wrered for a deposited thickness of 30nm. Spsmtpic AFM mode was used as
an alternative to the method of contact angleméasure local surface energy. Decrease of surfeagyeis characteristic of a more
ordered surface and was measured for a thickne38 nin of pentacene deposited on both substratedeld of statistical analysis
of spectral images, based on the Power SpectruimiidiSon (PSD) have been used to explain the malggy of pentacene films.
In addition, these models have provided a compigtierdescription not only of the accessible surfafcéne sample, but also of its
internal structural properties. Highlighted in theodels, the critical thickness of 30 nm correspotalsa transition from the
orthorhombic phase to the triclinic phase for peahe molecules deposited on parylene. Similanhglamorphic transition occurs
on the BCB. On OFETSs, based on pentacene on BCB, rijestamobility of 3.1x18 cm2/V's corresponds to the pentacene layer of
30nm, that shows a better ordering of the orthoffiommolecular packing in comparison with the triati packing.

The molecular arrangement of X and Y structuregthas DNA was observed, by AFM, in air and in twdfér solutions of Tris
and HEPES on a mica substrate. It was shown teatéatment of the mica by Niions increases the strength of the DNA/substrate
interaction and reduces the diffusivity of the nooles. In air, wired macromolecules containing doeble-stranded structure are
observed on untreated mica and macromoleculesav®® geometry on pretreated mica. Onto a non-uledte greater thermal
motion of weakly bounded to mica DNA molecules kaad the rupture of intermolecular bonding and frening structures are
more simple and not branched. The organizatiorifisrdnt in solutions of Tris and HEPES. In thesTsolution, containing Mg
cations, the arrangement leads to a well-orgarfzdrchitecture. In the HEPES solution, contairfitiff” cations, the ionic strength
is 10 times lower, this leads to a breaking of lbeds previously formed between DNA and mica. HeveldNA molecules are
near each other due to a partial substitutionresaly adsorbed Mg cations by N7 * cations of higher affinity with the mica. These
results show that the two liquids promote a 2D mde In air, the networks are not stable and the bbserved ones remain in a
dendritic structure on the surface of pretreatecthraind as a linear macromolecule on the untreaitea m

Résumé

Ce travail de thése porte sur les divers aspectdagplication de la microscopie a force atomique-KA, pour la
caractérisation de semi-conducteurs organiques sigtaux d’ADN, pour des applications en éleajimorganique et en biologie.
Sur ces surfaces molles, le mode de fonctionneswmiitude modulation de 'AFM a été choisi. Ce thest argumenté par une
étude des processus dissipatifs, réalisée surchanéllon particulier, une puce a ADN. Nous avanentré l'influence des
parametres expérimentaux d’amplitude sur la qual#é images topographique et de phase. A particadcul de I'énergie
dissipative, il a été montré que la dissipationla puce ADN était principalement induite paetinteraction pointe-échantillon
de type viscoélastique.

L'étude par AFM de la croissance “thickness-drivén“pentacene a été réalisée afin de relier sahntogie a la nature du
substrat et aux performances électriques pouralisadion de transistors organiques a effet de pha@FET (Organic Field Effect
Transistor). Déposé sur deux substrats de polymégsarylene et le benzocyclobuténe (BCB), le pen@aae été caractérisé a
I'échelle nanométrique pour des épaisseurs deefilime 6 et 60nm. Il a été démontré que les graiéwssmar le dépot étaient les plus
étendus pour une épaisseur déposée de 30nm. Liaosgepie AFM en mode contact a été utilisée, mmenune alternative a la
méthode des angles de contact, pour mesurer loeatdi@nergie de surface. Une énergie de surfanamale caractéristique d’une
surface mieux ordonnée a été mesurée pour I'épmiske pentacéne déposée de 30nm pour les deuxasb®es méthodes
spectrales d'analyse statistique d'images, ada$eSD (Power Spectrum Density), ont été utiligges expliquer la morphologie
des films de pentacéne. En outre, ces modelesoomhifune description exhaustive non seulementadsutface accessible de
I'échantillon, mais aussi de ses propriétés stralets intérieures. Mise en évidence dans les medéstte épaisseur critique de 30
nm correspond a une transition de la phase ortindsltue a la phase triclinique pour les moléculegpeetacéne déposées sur
paryléne. De méme, une transition polymorphiquerseluit sur le BCB. Sur des OFET créés a base dagine sur BCB, la
mobilité la plus importante de 3.1x1€m2Vs correspond & la couche de pentacéne de 36mmui montre l'avantage de I
moléculaire orthorhombique en comparaison du tiiglie.

L'assemblage moléculaire de structures en X €Y énbase d’ADN a été observé par AFM a l'air etsldeux solutions
buffer de Tris et HEPES sur un substrat de mica. été montré que le traitement du mica par des Mifi augmente la force
d'interaction ADN/substrat et réduit la diffusivid@s molécules. A l'air, des macromolécules &kicontenant une seule structure
double brin sont observées sur le mica non traitles macromolécules avec une géométrie 2D ramifiée le mica prétraité. Sur
une surface non-traitée, I'agitation thermique fisaf déplacer les molécules d’ADN faiblement §ém mica, ce qui conduit a la
formation de structures plus simples 1D. L'orgatian est différente dans les solutions de Trig'dEPES. Dans la solution de
Tris, contenant des cations fgles arrangements conduisent & une architecturebB organisée. Dans la solution d’HEPES,
contenant des cations®ila force ionique est 10 fois plus faible, qui doit & une rupture des liaisons préalablement femetre
le mica et 'ADN. Cependant, les molécules d'’ADNe®esles unes pres des autres en raison d'undtstibstpartielle des cations
de Md’* déja adsorbés par les cations dé"Me plus grande affinité avec le mica. Ces résultmistrent que les deux liquides
favorisent un assemblage 2D. Dans l'air, les résaausont pas stables et les rares qui ont été@ssesstent dans une structure
dendritique sur la surface de mica traité ou $ouse de macromolécule linéaire sur le mica maité.
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