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Abstract

The structure and intermolecular forces of the surface of organic materials

showing high nonlinear optical susceptibilities were investigated.

The first part of the dissertation is devoted to Langmuir and Langmuir Blodgett

(LB) films, which are defined as monolayers floating at the air-liquid interface

and multilayers deposited on a solid substrate, respectively.They were studied

during the whole formation process. Organic components with high

hyperpolarizabilities (chromophores), determined by Electric-Field Induced

Second Harmonic generation experiments (EFISH) and calculated theoretically

by a semi-quantum mechanical method, were attached to hydrocarbon chains to

form LB molecules. The obtained floating films and the layers transferred onto a

solid substrate were investigated by force methods and optical microscopy. The

LB structure was simulated and predicted theoretically by force field

techniques.The unit cell of 2-docosylamino-5-nitropyridine (DCANP) and

2-(21'-docosenyl)-amino-5-nitropyridine (VECANP) was determined

experimentally by high resolution microscopy. The film formations, particularly
the macro- and micromolecular structures of the different material phases, are

theoretically and experimentally explained. The order of the 2-dimensional

solid-liquid phase transitions was determined for each LB-film. We observed

deterioration of the transferred monolayers on solid. The air humidity modified

the crystalline structures of the LB films and provoked holes.

A special atomic force microscope to image the Langmuir films floating at the

air-water interface in high resolution was constructed for the first time. The

results presented here show that the tip of the underwater atomic force

microscope stays in feedback for each Langmuir film type, but only very stable

films, with a second order liquid-solid phase transition, could be imaged.
Molecular resolution of arachidic acid and nitropyridine films floating at the

air-liquid interface are also presented in this work.

Stable Langmuir and Langmuir Blodgett film of molecules with very high

hyperpolarizability coefficients (N-nitrostilbene derivatives) were fabricated for

the first time and are presented in this dissertation. The macroscopic domain

structure and its formation were studied by optical microscopic techniques

(absorption enhanced contrast and second harmonic generation) as well as by

scanning force techniques (2-dimensional surface pressure / area diagram

measurement, atomic force microscopy (AFM)). The films show a first order

solid-liquid phase transition. The solid phase is crystalline and

noncentrosymmetric. The crystalline domains were very stable and could be

transferred onto a solid substrate without modifying their macroscopic and

microscopic structures. The transferred and floating monolayers show a large
second harmonic intensity, about ten times larger than that of DCANP. The

second harmonic could be observed by unassisted visual inspection alone. The

monolayers could not, however, be superposed.
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In the second part of this work, some previously developed organic nonlinear

optical crystals (2-cyclooctylamino-5-nitropyridine (COANP), and

4-N,N-dimethyl-stilbazolium tosylate (DAST)) were investigated by AFM. In

contrast to previously used optical methods, scanning force microscopy allows

the observation of local effects. Growth surfaces as well as cleaved surfaces were

measured. It was observed that the external layers of crystals having

predominantly van der Waals binding forces, and to a smaller extent also the

ionic crystals, are deformed and dissolved by the humidity in the air. On cleaved

surfaces, the monomolecular layer can be observed and the thickness determined:

in the case of DAST, both of the layers consisting alternatively of two different

molecules could be distinguished. High resolution imaging was possible as well.

The AFM results allow the determination of some of the intermolecular forces in

organic crystals, and the observation of the unit cells, the dimensions of which

are in good agreement with the ones determined by X-rays.

The last part of this dissertation presents some results obtained by atomic force

microscopy on nonlinear optical polymer. The material was stable enough to

image the macroscopic topography of the surface and to obtain a high resolution

of the molecular structure. No difference in the topography was observed

between electrically poled and unpoled polymers.
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1 Introduction

1.1 Motivation

Nonlinear optical (NLO) materials play a major role in technical domains where

optical signals need to be transformed (Chemla 1987, Zyss 1994). Both inorganic
and organic materials are used and investigated for NLO applications (JBosshard

1995). The organic class offers the great advantage of being of low cost, while

the inorganic family is more stable in the air environment. Materials with defined

optical properties can, however, only be modelled and engineered in organic
material science. Chromophores with high hyperpolarizabilities (see Chapter 2)
are bound or combined with molecules which can stabilize a structure to be

arranged in a crystalline noncentrosymmetrical structure, the condition for a

large second order susceptibility.

Three particular methods, which have already proven their efficiencies, exist to

build macroscopic NLO organic assemblies: Langmuir Blodgett film deposition
(Verbiest 1994), organic crystal growth (Hulliger 1994), and polymer thin film

deposition (Chollet 1994). The films made by the LB technique show good
nonlinear optical coefficients, but are rather instable. The organic crystals show

better optical and chemical properties than the other materials groups, but need a

complex fabrication process and a longer fabrication time.

Organic NLO materials are analyzed in this dissertation by techniques that allow

local observation of the sample surfaces. The crystalline domains as well as the

ordered structure need to be contrasted. The microscopic measurements are

performed mainly by two techniques: the optical far field and the atomic force

microscopy methods. They were chosen because they give complementary
information. Optical microscopy is able to detect domains of different refractive

indices and of different first and second order susceptibilities. It can distinguish

region in organic material with noncentrosymmetrical structures, the NLO

condition, and region without. The measured optical signal can be theoretically
determined.

On the other hand, the atomic force microscope is used to image the topography
of the materials and the molecular structures. This method allows the observation

of surface physical coefficients like hardness or friction. It is an empirical
method where the measured repulsive force is not clearly defined. The sensitivity
and precision of the method do not allow the development of a precise theoretical

model for the tip-sample interaction.

This dissertation shows that the images measured by atomic force microscopy
(AFM) alone are not sufficient to draw conclusions about the physical properties
and phenomena. For optical components, local or general optical measurements

help the interpretation of AFM images. Because of their different structures and
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their different fabrication processes, the mechanical properties of the different

organic NLO material types can be determined with the AFM.

In this work, the study of Langmuir and Langmuir-Blodgett films yielded
informations about the 2-dimensional structure, about the arrangement of

molecules. Several different chromophores are associated with hydrocarbon
chains of variable length. Firstly the NLO hyperpolarizabilities of the LB

molecules are studied and secondly the possibility of the arrangement in a

horizontal structure are investigated. The molecular structures are investigated by
an AFM technique.

A special AFM device was developed which allows the scanning of a Langmuir
film floating on the liquid subphase. The goal of this innovation was to determine

if the Langmuir film structure is modified by the deposition process. This

apparatus, the first force machine that works at imaging the air-water interface, is

a new step in the research field of scanning force microscopy and

Langmuir-Blodgett cleaved film. It will determine the force sensitivity limit of

the AFM and the amplitude of the interaction between the LB molecules at the

air-water interface. This dissertation is a continuation of the work of Kiipfer and

Bosshard (Kiipfer 1995, Bosshard 1991), which until now has investigated only
the optical properties of the NLO LB films.

Investigations of organic crystals, which until now have been defined by
experimental and theoretical optical methods, are performed by the AFM

technique. The goal is to obtain local information about the material surface and

to observe local phenomena, which is not possible with classical optical

techniques. The large thickness (more than 5 monolayers) does not allow the

measurements of molecular properties by far field technique. Growth surfaces,
such as the cleaved surfaces of organic crystals, will be measured to discuss and

study the homogeneity and the intermolecular forces, with the aim of improving
crystal growth techniques. The influence of the air environment on the crystal
will be studied as well. The crystal structure, as defined by X-ray, will be

compared with the AFM results.

In the last chapter, polymers will be investigated by force microscopy.
Macroscopic and microscopic AFM scans of the thread polymer structure will be

presented. Because of the non-crystalline structure of this material, the

realization of the imaging of polymer structures in high resolution will be

explained differently than in the case of crystalline structures, by a slip-stick
effect.

1.2 Definition of the molecular nonlinear optical coefficients

The basic equation describing nonlinear optical effects expresses the

macroscopic polarization P as a power series in the strength of the applied field E

as
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Pi = Po,i + £0^)Ej + X^jEk + X^lEjEkEl+...)), (1.1)

where Pq is the spontaneous polarization and %(n) the n-th order susceptibility
tensor. The molecular polarizabilities are defined by an analogous equation

expanding the molecular dipole moment as

(X,- = iLgti + ZQ(aiJEj+p..kEjEk + viJUEJEkEl+...) , (1.2)

where \ig is the ground state dipole moment, 0Cy is the linear polarizability, (3,-^ is

the second-order polarizability (or the first-order hyperpolarizability), and Y, is

the third-order polarizability. The electric field inserted in equation (1.2) is the

electric field at the location of the molecule. The attachment of functional groups

with electron accepting and donating characteristics in para-position often leads

to an essentially one-dimensional charge transfer enhancing the nonlinearity. The

one-dimensional character of the charge transfer usually leads to a single
dominating element (3 = $m = 3CT along the charge transfer direction usually
referred to as the z-direction. In this case, all other tensor elements are neglected.

The above approximation can be combined with a quantum mechanical

expression for the hyperpolarizability (Bloembergen et al.) based on a

perturbation theoretical approach which gives the wavelength dispersion

(32ZZ(2co;co,(D) =
-*- °

u^Au , (1.3)

e0A (4co -<Dg)(a> -cog)

where \ieg is the transition dipole moment of the dominant charge transfer

transition and Au, the difference between the dipole moments of the excited and

the ground state. This approximation is usually referred to as the two-level

model. The static hyperpolarizability is written as

The definition of the hyperpolarizability used in the Electric-Field Induced

Second Harmonic generation experiments (EFISH) (Knopfle 1995) is given by

P2(a = e0Qp(-2G),G),co) + |Y(-2o),a,(a,0)j(£*)) . (1.5)
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1.3 Methods of investigation

1.3.1 Scanning probe microscopy

Introduction

The development of scanning probe microscopes (SPM) began in 1980. Binnig

and Rohrer constructed the first scanning tunneling microscope (STM), for

which they won the Nobel prize in 1984 (Binnig 1982). These two scientists had

the idea of maintaining a metal probe at a constant distance from a conductive

surface by applying a voltage between the two parts, and by keeping the

transmitted tunnel current constant. A three dimensional scanner is connected to

a system to collect the topography data of the whole surface. The atomic grid of

conductors and semiconductors could be imaged for the first time, and with a low

cost apparatus.

E
c

Id IO^
-J
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<

Si iq2

>

icr
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-2
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cr io

LATERAL SCALE (nm)

Fig. 1.1 Resolution achieved by the different microscopy methods (TEM
transmission electron microscopy, OFFM optical far field

microscopy, SNOM scanning near field microscopy, SPM scanning
probe microscopy).
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The scanning tunnelling microscope cannot work with a pure isolator surface.

Binnig and Gerber therefore replaced in 1984 the probe in the STM configuration
with a force sensor, which is a microscopic cantilever on which a pyramidal tip is

mounted (Binnig 1986). The deflection of the lever is proportional to the applied
force, and in this case, it is the forces which is kept constant. This atomic force

microscope (AFM) or scanning force microscope (SFM) allows molecular

resolution to be obtained under certain sample conditions (Sarid 1991, Drake

1989).

The development of low cost surface microscopes has opened the doors of a new

world in physics (Chen 1993). It is now possible to control the fabrication of

materials to a resolution of between 10 nm and 0.1 nm, depending on the

morphological properties of the investigated material. SPM techniques offer the

advantage of imaging the topography with a vertical resolution (z-direction)
smaller than an Angstrom (Fig. 1.1). In particular, this advantage is very

profitable for the investigation of thin film techniques, where monolayers with a

thickness smaller than 1 nm are deposited. In SPM, the surface is not perturbed

by a high energy beam as in electron microscopy. However, soft surface

structures can be destroyed by the probe.

Classic far field microscopy keeps its advantages: the speed to produce an image
is faster then in all other methods and it is the only technique that images purely
the results of the material's interaction with light. In addition, optical far field

microscopy (OFFM) allows the detection of domains with different molecular

polarization on a macroscopic scale.

Scanning optical near field microscopy allows an optical observation of a surface

under the Abbe" limit to a maximum resolution of 25 nm (Betzig 1992 and 1995,

Pohl 1988). In spite of the promising future predicted by research groups

(Zenhausen 1995), this technique always has a resolution problem due to

difficulties fabricating SNOM aperture.

Description of the scanning probe apparatus

A typical scanning probe microscope is composed first of a probe (sensor), which

is responsible for inducing an interaction with the investigated surfaces. This

probe is a conductive tip in STM, a cantilever in AFM, a fibber in SNOM and a

material with high elongation parameters in scanning thermal microscopy (Chen

1993).

The probe is moved relative to the investigated surface in 3-dimensional space by
a scanner. It is made of a piezo-ceramic material, on which electrodes are

deposited on the sides. The piezo allows sub-Angstrom displacement (Basedow

1980). At low resolution for in-plane (x-,y,- directions) measurements, a tripod is

generally used, where three different independent bars manage the displacement

along the in x-, y-, z- directions. This scanner type offers the advantage of

producing large elongations by applying reasonable voltages (200 Jim for 100
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V). On the other hand, a piezo tube must be used for high resolution imaging; the

scanner is, in this case, made of a unique ceramic piece, which offers better

stability and rigidity. The scanner is also more precise and compact. Four metal

electrodes are deposited on the exterior of the tube, with the separation parallel to

the z-direction. They allow m-plane displacement. One electrode is located

inside the piezo to permit vertical movements (see Chapter 6, Construction and

calibration of a piezo tube scanner).

A feedback loop is used to maintain the probe at a constant potential during the

scanning, which works in the following manner: the measured response is first

converted to a voltage signal and compared with a reference potential. The error

signal is then sent to the feedback circuit, a judicially designed amplifier, which

sends a voltage to the z-piezo. If the measured potential is larger than the preset

value, then the voltage applied to the z-piezo tends to withdraw the tip from the

sample surface and vice versa. As the tip scans in the xy-directions, the contour

height z also changes with time. The feedback circuit is adjusted to make the tip

accurately follow a constant potential contour at the highest possible speed. The

electronic control unit, the computer and the software control the feedback,

amplify the piezo voltages and collect the measured scanning values (Fig. 1.2,

Sand 1991).

SAMPLE

Fig. 1.2 The component of a typical scanning probe microscope.
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Fig. 1.3 Feedback is adjusted by a PID system.

The Atomic Force Microscope head

The force sensor is the critical part of the AFM system. It defines the measured

interaction and determines the resolution of the scanned images and curves

(Chen 1997). The tip is of pyramidal form and is mounted on a cantilever. It can

be made of different materials, conductive or non-conductive. The resolution of

the AFM is determined first by the tip radius, whose minimal size depends upon

the material it is made from. Non-conductive tips could have radii of 10-20 nm,

while conductive tips have radii of 50-100 nm (Fig. 1.5, Topometrix, 1997).

Cantilevers and tips are principally produced by lithography and etching methods

(Ximen 1992). Cantilevers are manufactured with spring constants between 100

N/m and 0.01 N/m, depending on the lever geometry and the material type.

APPROACH

Fig. 1.4 An atomic force microscope head. In this configuration, the tip
scans the sample surface, which stays fixed.
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AFM CANTILEVER

Fig. 1.5 A silicon nitride pyramidal tip (right) is mounted on a triangular
cantilever (left).

The tip-sample interactive force is proportional to the inclination difference of

the lever, which can be measured by several methods. The first possibility,

developed by Binnig et al. is to install a STM tip on the cantilever, on which a

metal layer had been first deposited. This system offers the advantage of being

very precise, but two feedback loops have to be used simultaneously and this

technique cannot record torsional movements of the cantilever.

The most commonly used method is the optical deflection detection system

(Sarid 1991). A beam produced by a small laser diode is focused on the

cantilever. The reflected beam is adjusted to cross the centre of a four-quadrant

detector. This system offers the great advantage of being able to measure the

two-dimensional cantilever movements, the inclination and the torsion (Fig. 1.6).

The torsion response informs on the friction interaction between the tip and the

investigated surface (see Chapter 5, friction contrast of LB films, Meyer 1992,

Grafstrom 1993).

The principal disadvantages of the optical deflection detection system come from

the laborious adjustment phase. This problem is resolved by the use of

piezoresistive cantilever (Giessibl 1994), where a piezoresistive material is

integrated inside the cantilever, between two electrodes. The electric resistance

of the circuit is also proportional to the inclination difference of the cantilever.

Lateral forces cannot yet be measured with such cantilevers, which also do not

work perfectly in oscillation modes (Fig. 1.7).
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Fig. 1.6 The optical detection system. The laser beam is reflected off the

cantilever and is adjusted to a four-section detector (A). It offers

the advantage of detecting the bending and the torsion movements

of the cantilever. The interaction force is obtained by subtracting
the light intensity measured by the two upper sectors (B) and by the

two lower sectors, and the lateral force by measuring the difference

between the left and the right sectors (C).

The Atomic Force Microscopy modes

The modes can be firstly separated into two families, the contact and the

oscillating modes. In the first one, the tip sample force stays in the repulsive

region (see Chapter 1.2, force distance spectroscopy). A contact measurement

must be seen, however, as a dynamic process. During the scanning process, the

feedback loop tries to maintain the cantilever at a reference force. When the scan

rate is slower than the answer velocity of the feedback, the whole scan is

measured at a constant force and the surface information is mainly recorded in

the topography image (z-piezo). On the other hand, when the scan velocity is too

rapid, the feedback loop is not able to answer to the force change. In this case

more surface information is stored in the sensor signal image. The best

xy-resolution is obtained by experimentally optimizing the critical scan velocity.
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It is possible to record the lateral force in contact mode, whose resolution

depends on the transversal velocity of the scanning tip. The torsion of the

cantilever is a function of the tip-sample friction coefficient.

In the oscillation modes, the feedback loop works in air, where the Q-factor is

about 1, with the amplitude or the phase shift (Fig. 1.7). In high vacuum, on the

other hand, the damping coefficient is so small that the only possibility is to

detect the frequency shift. The non-contact mode must be distinguished from the

"tapping mode": in the first one, the interaction is only attractive, while in the

second the tip vibrates from the attractive to the repulsive region.

The advantage of the non-contact mode, and to a smaller extent of the "tapping

mode," is that it preserves the surface structure from destruction by the tip better

than in contact mode. The xy resolution is, however, generally better in the force

or lateral force modes.

The scanning techniques offer the advantage of recording several measured

values simultaneously, depending on the capacity of the electronic unit.

High-frequency

signal generator

Amplitude / phase

Detection

Fig. 1.7 The non contact mode. The cantilever oscillates near its resonance

frequency. The feedback is adjusted according to the amplitude or

the phase shift response.

A special contact mode exists to test the surface hardness of samples, which is

called modulated force AFM-mode. The AFM-tip vibrates at a frequency higher

than its resonance value with an amplitude of some Angstroms (Baselt 1994).

The phase shift of the oscillation is recorded point after point, while the feedback

loop always holds the static sensor response constant. This method is possible

because the tip oscillations are faster then the feedback answer.

Feedback Loop

A/V
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FEEDBACK

TOPOGRAPHY

DATA

AFM SENSOR DETECTOR

SET POINT

FORCE

Fig. 1.8 The modulated force AFM mode. The AFM tip oscillates by some

Angstroms at a frequency higher than the resonance. The feedback

is adjusted as in contact mode.

1.3.2 Force-distance spectroscopy

Atomic force microscopy has a problem: it is generally not possible to deduce the

interaction that is measured by the AFM-tip from an xy-scan. On the other hand,

the tip-sample forces can be determined by force-distance spectroscopy

(Burnham 1990 and 1993, Blackmail 1990, Gelb 1994). Already in 1970,

Israelachvili et al. developed an apparatus to measure the surface-surface

interaction {Israelachvili 1972). They fabricated the surface forces apparatus

(SFA) to investigate the different types of forces. The SFA is composed of two

half-cylinders which cross at right angles. The force sensitivity of the SFA is

better than 10"8 N. An AFM apparatus can perform the same experiments locally

everywhere on a surface. The optical deflection detection system allows a

maximum force resolution of better than 10'10 N.

The force-distance spectroscopy technique consists of a cyclic process in three

phases. First, the tip approaches the surface and come in feedback like in contact

mode with a small reference force. Next, the z-piezo retracts the tip from the

surface to a determined value and approaches it to a predetermined distance.

Finally, the tip is retracted to the same distance from the surface and returned

again in feedback. The measured curve does not present the tip-sample force as a

function of tip-to-surface distance (see Fig. 1.9A, CD distance) but function of

the z-piezo displacement (AE distance). The inclination of the cantilever and the

surface deformation must be taken into account to compare the measured curve

with the theoretical predictions.The force applied on the cantilever is given by

Hooke's law:

F
,.,

= ~(k-BC)
.

cantilever v '

A/V

8
LJ

a.

N

dF/dS
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By assuming that the interaction potential is of Lennard type, and that the

attractive force is only of Van der Waals type, we find (see Chapter 5):

F =
_« L

interaction 17 2

CD CD

By adding the cantilever deflection to the tip sample distance,

BD = CD _Ffraction
k

the measured curve can be drawn and analyzed as a parametric function (no

surface modification has been taken into account). The experimentally
determined curve also shows a hysteresis with two jump points. They can be

observed in the simulated curves (Fig. 1.9C) and in the tip-sample force curve as

well (Fig. 1.9B). The slopes of lines 1 and 2 are equal to the cantilever spring
constant; in the approach phase, the tip jumps from point M to N and in the

retracting phase, from L to P. The part between points M and L cannot be

experimentally determined.

The Figures 1.9B and 1.10 show that the resolution of the measured curves

depends on the cantilever spring constant. By increasing the Mactor, the slopes
of the straight lines 1 and 2 increase too, so that the points M and L come closer

together. The attractive region of the tip-sample curve can also be better

represented.

The sample elasticity can generally not be deduced from the tip-sample force

curve. In the repulsive part, the slope is determined only by the spring constant,

which is about 108...1010 times higher than the elasticity module of organic
material (mica: E = 17.8-1010 N/m; the highest spring constant of cantilevers: k =

100 N/m). However, this observation allows us to calibrate the force curve

accurately.

In the case of a solid sample, effects described in Figure 1.1 IB, where the

approach curve is above the retracted one, can only result from inelastic

deformation (Weisenhorn 1993). The inverse effect (the approach curve is below

the retracted one, Figure 1.9D and 1.11A) is due to the z-piezo hysteresis

(Basedow 1980). It is measured in Figure 1.12 for a tube piezo of 1.2 cm

diameter and 1.5 cm length. By applying a voltage larger than 200 V, the angle
between the two slopes can be larger than 20°.
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Tip-sample force curve
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Fig 1 10 Force-distance curves at different cantilever spring constants
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The form of the approaching curve at a small distance to the sample surface

depends on the order of crystallization of the surface and on the surface stability.
In the case of amorphous materials, no minimum in the attractive region can be

observed. If the sample is very instable, the modification of the surface can still

be observed on the approach curve. The depth and the width of the attractive

region minimum of the approach curve determines the tip-sample interaction

type; a van der Waals interaction can be distinguished from an electrostatic one

(see Chapters 5,6,7 and 8, Ishino 1994).

The form of the retracted curve depends on the plastic deformation of the tip on

the surface, as well as on the adhesion. Both of these effects are often bound

together; when the sample is soft, the AFM-tip can penetrate the sample layers
more easily, which increases the number of molecules in contact with the tip and

so the absolute tip-sample force increases, which increases the adhesion effect

too. The adhesion effect can be determined by subtracting the predicted force

minimum with the measured one (Weisenhorn 1992).

In the jump back phase the tip-sample molecules' bonds are ideally broken.

Practically, especially in the case of a sample where the intermolecular forces are

mainly of van der Waals type, the tip-molecules forces are comparable in

strength to the molecules-molecules interaction. In such a case, the molecules

stick on the tip during the jump back process. This effect is observable on the

right side of the retracted curve, when the force does not jumps back to the

approaching curve directly. The same effect can be measured when a large water

film lies on a solid sample (Grigg 1992, Weisenhorn 1989).

PlEZO HYSTERESIS EFFECT Elastic or inelastic surface

deformations

ZERO-FORCE NIVEAU

Z-PIEZO DISPLACEMENT Z-PIEZO DISPLACEMENT

Fig. 1.11 Effects on the force-distance curve due to the z-piezo hysteresis
(A) and of elastic or inelastic surface sample deformations (B).
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Fig. 1.12 Piezo hysteresis measurements of a EB12 ceramic tube.

1.3.3 Isotherm measurement

Langmuir films, by definition "monolayers floating in the air-liquid interface",

behave like a 2-dimensional material (Langmuir 1917, see Chapter 2). The

intermolecular force vectors are oriented essentially in the horizontal plane. The

material transformation properties are also stored in the surface pressure / surface

area diagram.

The apparatus consists of a trough, a surface pressure sensor and a barrier (Fig.
1.3A). The parts of the apparatus that are in contact with the subphase or with the

LB-molecules are made of Teflon, which is highly hydrophobic, in order to push

away the LB molecules. The isotherm measurement process consists of closing
the barrier, compressing the film, and measuring at the same time the surface

pressure by the sensor. The sensor is a second light barrier floating on the liquid
connected to a spring, or a small paper sheet, suspended on a dynamometer. The

sensitivity of the system is about 0.1 Nm (Griinfeld 1993).
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A Isotherm apparature
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LIQUID SUBPHASE
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Fig 1 13 The isotherms measurement principles

The interactions between the molecules are of van der Waals type between the

tails of the molecules (see Chapter 2 and 3) and mainly of electrostatic and fixed

dipole-dipole type between the chromophores The films also show several phase

transitions, which can be of first or second order. As in a three dimensional

material, the Langmuir film presents phase transitions between the 2-dimensional
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gas phase and the liquid phase in which the molecules do not move freely

anymore, and between the liquid phase and the solid phase (the denomination of

the liquid phase is in some publications liquid expanded and of the solid phase

liquid compressed).

Beyond a molecule dependent pressure, the film collapses. This happens, of

course, below the hydrostatic pressure (73 mN/m). The isotherm form is

temperature dependent (Chapter 4).

Figure 1.13B shows the three possible isotherm forms. The SNBD-type shows a

first order liquid-solid transition, where two phases are present in the plateau.
The Arachidic acid-type is a second order transition, where only one phase is

simultaneously present. The DCANP curve shows no transition between the solid

and liquid phase, only an elastic compression (SNBD, DCANP and Arachidic

acid are Langmuir-Blodgett molecules as described in Chapter 3).

1.3.4 Electric-Field Induced Second Harmonic generation

experiments (EFISH)

Organic material with high optical nonlinearities possesses two fundamental

properties. The molecules show a high hyperpolarization (Chapter 3) and the

structure is noncentrosymmetric, so that the molecules' hyperpolarizability do not

cancel themselves (Swalen 1986). EFISH is one experimental method to

determine the second order hyperpolarizability of molecules (Bosshard 1991). To

allow the molecules to orient themselves freely, they are dissolved in a liquid

(dioxane or chloroform).

The EFISH measurements consist of translating a wedged liquid cell containing
the solution to be investigated perpendicularly to a laser beam (Fig. 1.14). A high

voltage is applied between two electrodes placed above and below the cell, to

orient the molecules' dipole moments perpendicularly to the translation plane, in

a noncentrosymmetrical structure. Due to the resulting variation of path length of

the liquid by translating the wedge, constructive and destructive interferences

("Maker" oscillations {Bosshard 1991)) are observed when measuring the second

harmonic intensity. This will be useful to determinate the nonlinear parameters of

the substance (see Chapter 3). The liquid cell consists of two glass windows

positioned between two stainless steel electrodes. The wedge angle is 5.7° and

the interelectrode distance 5.0 mm. The high voltage applied to the glass cell is

pulsed with a duration of ca. 1 ms in order to minimize electrochemical

degradation of the samples. The voltage is synchronized with the laser pulses
with the Q-switch triggering the high voltage modulator. The voltage is typically
7 kV leading to a field strength of E0 = 14 kV/cm.

The measurements are performed at X = 1907 nm, outside of the molecules'

absorption region. This wavelength is obtained with a Q-switched Nd:YAG laser

(Coherent, Model Surelite; fundamental wavelength: 1064 nm), whose beam was
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focused into a 1 m long high pressure Raman cell filled with hydrogen. Due to

the Stokes shift of 4155 cm"1, part of the fundamental beam is converted to the

different Stokes and anti-Stockes lines, with the first Stokes line lying at A =

1907 nm. Using appropriate optical filters, the unwanted radiations was blocked.

Since the beam generated in the Raman cell is strongly divergent, it is focused by
a lens in order to pass the polarizers. With a third lens the beam is then focused

into the EFISH cell. The generated second harmonic signal is detected with an IR

sensitive photomultiplier, which has been cooled to about -6 °C to reduce the

thermal noise.

LENS DIELECTRIC MIRRORS LENS

RAMAN CELL

FILTER >^ Fl
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POLARIZER
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ROTATOR
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ACQUISITION
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BOX CAR

INTEGRATION
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Fig. 1.14 Experimental setup for the EFISH measurements. A Raman cell
filled with hydrogen gas is used to generate the fundamental
radiation of X = 1907nm.
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1.3.5 Far field microscopy

A second imaging method is useful to help and confirm the AFM results. The far

field microscopy complements the force microscopy well. It allows the

observation of large domains in real-time and in situ; our apparatus setup permits
the observation of the LB film domains formation during the compression

process. Furthermore, the phase transition procedure can be filmed. The contrast

is well defined and understood. Although the resolution of the system is limited

by the Abbe" law (Kneubuhl, 1986), the molecular orientation and order can be

determined by imaging the film under different illumination and analyzation

polarizations. From the resulting images information on the intermolecular

interaction can also be deduced. The method needs, however, molecules with

large enough absorption and hyperpolarizabilities. In addition, no quantitative
thickness information can be obtained with this technique.

Figure 1.15 shows the far field apparatus setup. It allows the recording of

absorption images (Absorption-Enhanced-Contrast (AEC) microscopy) and the

practise of Second-Harmonic (SH) microscopy. These two techniques were first

developed by Kiipfer et al.(Fldrsheimer 1994, Kiipfer 1993).

AEC microscopy consists of illuminating the film surface at the molecules'

absorption wavelength, and recording the reflected resulting image with a CCD

camera. An Xenon lamp (kmax = 470 nm) produces the incident light, which is in

the absorption band of organic molecules (see Chapter 3).

In the case of SH microscopy, the film is illuminated by a high energy laser

beam. We used a mode-locked Nd: YAG laser (Quantronix 416, average power

10 W, peak power: 1 kW, mode-locked repetition rate: 100 MHz) and a

Regenerative Amplifier (Continuum RGA60, repetition rate: 20 Hz), providing
the fundamental laser pulses at a wavelength of A = 1064 nm, with a pulse width

of 100 ps, a pulse energy of 20 mJ and a pulse repetition rate of 20 Hz. The linear

polarization of the laser beam could be rotated by a combination of A/4-plates
and a polarizer.

SH microscopy works in both reflection and transmission modes. The laser beam

is in both cases focused on the air-water interface. The best obtained focus

diameter is of the order of 2 mm, corresponding to a fundamental intensity of 1.5

GWcm'2. Two setups were tested in reflection: in the first one, the beam was

used the same way as the AEC illumination light and went through the objective.
This method has the disadvantage of imposing a decrease of the laser beam

intensity, to prevent damage in the optical component. In the second reflection

setup, (Fig. 1.15), the beam is split into two components, which reach the film

surface under an incident angle of about 12°. The coherence of the resulting
illumination beam is adjusted by imaging the interference picture. This method

works, but the adjusting process is very difficult (Chapter 4).
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Fig 1.15 The far field microscope apparatus. The AEC and SHG microscope
components are integrated in the same setup

An intensified CCD camera (Hamamatsu, Pictor) collects the image, after

passing through a Glan Thompson analyzer. The collected part of the AEC and

the SH microscope differ only by the fundamental beam interference filter (A =

512 nm), which is placed after the objective to block the first harmonic waves in

case of imaging the second harmonic.

The resolution of both systems is determined by the Abbe limit, which is

theoretically estimated to 500 nm in AEC and 1300 nm in SH microscopy. Our

experimental measurements show a resolution of 1000 nm and 5000 nm,

respectively. A minimum susceptibility of 1.7 pm/V for a monolayer is needed to
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be detected by our SH microscope. The angle Q presented in the AEC images of

Chapter 4 and 5 is the angle between the analyzer and the polarizer minus 90°.

Polarizer axis

Analyser axis

Fig. 1.16 Definition of the (p angle.
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2 Principles of the LB technique

The LB technique consists of three phases: the spreading, the compression, and

the deposition (Fig. 2.1, Roberts 1990). First, molecules with defined

hydrophobic-hydrophilic axes are dissolved in a highly volatile liquid
(chloroform or toluene). The obtained solution is then spread on a liquid surface.

Because of their high hydrophobic part, the LB molecules stay on the air-liquid
interface in a gas monolayer structure. The film is then horizontally compressed

and, because of the van der Waals molecular interaction, two dimensional phase
transitions take place. At a pressure at which the film is stable (the surface

pressure stays constant at a fixed area), the monolayer is transferred onto a solid

substrate, by dipping the substrate in the liquid subphase. The number of layers

deposited depends on the number of dipping cycles and on the substrate-LB

molecules interactions.

Three arrangements of LB film exist, depending on the orientation of the

molecules in the alternate layers. They are called X-, Y-, Z-type (Fig. 2.2). It can

be noted that only the X- and Z- structures are usually noncentrosymmetric.

The whole process happens in a trough. We use a longitudinal (Lauda) and a

circular one (Nima) (Fig. 2.3). The circular trough has the advantage of a simple
reliable motor for the barriers, where linear troughs require special guidance of

the barrier and transmission of the circular motor into a linear one (Griinfeld
1993).

The observation of monolayers floating in the liquid-air interface began in the

18th century BC in Babylonia. The Babylonians were apparently extremely

superstitious and, one of the lesser known forms of divination involved pouring
oil on water and observing the types of spreading behavior that occurred.

The earliest technical application of organic monolayer films is believed to have

been the Japanese printing art called sumi-nagashi. The dye comprising a

suspension of submicron carbon particles and protein molecules was first spread
on the surface of the water; the application of gelatin to the uniform layer
converted the film into a patchwork of colorless and dark domains. These

distinctive patterns could then be transferred by lowering a sheet of paper onto

the water surface.

Several centuries after these first observations, Lord Rayleigh (1862-1935)

proposed that it would be possible to experiment with film floating on the surface

subphase only a single molecule in thickness. Agnes Pockels (1862-1935)
followed this point of view and developed the first trough. She measured the first

pressure-area diagram and determined experimentally the molecular area of

steric acid of 2.2 nm2.
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Fig. 2.1 The principle of the Langmuir-Blodgett thin film technique.

Irving Langmuir (1881-1957) was responsible for laying the scientific theoretical

foundation of monomolecular films. He surmised correctly that the cohesive

force between the molecules was short range and acted only between molecules

in contact and attributed absorption to the existence of unsaturated valence forces

on the surfaces of solids and liquids. He concluded that the molecules were

oriented at the water surface, with the polar functional group immersed in the

water, and the long nonpolar chain directed almost vertically from the surface.

Katharine Blodgett (1898-1979), under Langmuir guidance, was able to transfer
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fatty acid monolayer from water surface to solid support such as glass slides.

Build-up monolayer assemblies are referred to as Langmuir-Blodgett films,

which is distinct from Langmuir films, a term reserved for a floating monolayer.

LB films are one approach to fabricate waveguides for integrated
frequency-doublers (Blodgett 1935). In contrast to other organic processing
methods such as poled polymers (Singer 1986), or deposition of an organic single

crystal on a substrate (Hewig 1983), the LB technique offers the advantage of

thickness fabrication tolerance of about one monolayer, about 3 nm. Such

tolerance is very favorable if phase-matched second-harmonic generation by
modal conversion in waveguides is to be used.

The Langmuir-Blodgett technique presents fundamental advantages for the

fabrication of NLO materials over molecular beam epitaxy (MBE) methods. The

first requirement to obtain high nonlinear susceptibilities is the

noncentrosymmetric structure in the layers. The LB technique fulfills this

requirement, by forming first a crystalline monolayer on the liquid subphase,
which will be deposited horizontally on the substrate. In contrast, the MBE

method is based on the vertical molecular interaction; the molecules are

deposited in a 3-dimensional structure. The MBE processes are also more

difficult to control.

The stability of the LB film over time is always problematic. The layer-layer
interactions are relatively small, and the air humidity perturbs the molecular

structure equilibrium.

nil mmm
Mill —

WIWWWW

Fig. 2.2 The arrangement models of the molecules in Langmuir-Blodgett
films.
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Lauda trough

Force sensors

Moving Parriers

Nima trough

Fig. 2.3 Two troughs have been used; a longitudinal (Lauda) and a circular

(Nima) one.
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3 The Langmuir-Blodgett molecules

3.1 Properties of a Langmuir-Blodgett molecule

A Langmuir-Blodgett molecule is formed by definition by a hydrophobic and a

hydrophilic group. The quality of the deposited films depends firstly on the

ability of the molecules to float on the liquid subphase {Roberts 1990). The

hydrophilic group must have a dipping force smaller than the intermolecular

forces. Secondly, the stability of the film depends on the ability of the molecules

to be oriented at the interface after the spreading phase, without external

pressure. The compression of a hydrophobic molecule will not give an ordered

structure.

A typical NLO LB molecule is classically composed of a hydrophobic

hydrocarbon chain fixed to a hydrophilic chromophore, which is optically active.

An additional hydrophobic group such as double-carbon bonds (Cn=Cn) or

fluorocarbons (CnFn+l) is sometimes added to the main chain to increase the

stability of the molecules on the water. This increases the intermolecular distance

and decreases the intermolecular van der Waals forces.

M

^
^

**

• NITROGEN

• OXYGEN

• CARBON ATOM

O HYDROGEN ATOM

Fig. 3.1 Schematic representation of an NLO LB molecule.
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TABLE 1. Chromophore used in this work.

Chemical formula Polarization direction

carboxyhc acid

2-alkyl-amino-5-nitropyndine

7-nitrobenz-2-oxadiazol-4-yl

A

H

A&<
r

4'-alkyl-amino-1 -nitrostilbene

H H

,H H H HSt

4'-nitrobenylidene-3-acetamirio-4-alkyloxy-ani-
line

H °

H

H
H H

4'-nitrobenylidene-4-alkyloxy-anihne

H\ H

H

O,

N
/ w
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Organic chromophores with large nonlinear optical hyperpolarizability are based

on a donor- acceptor system bonded on both sides of a molecular arrangement,

with delocalized Ji-electrons.

A typical example would be benzene or stilbene groups; we can remark that these

groups are hydrophobic in the absence of functional groups. The hydrophilic
character comes from the donor or from the acceptor.

3.2 The investigated LB molecules

The LB molecules studied in this work are combinations of the chromophores

presented in Table 1 and hydrocarbon chains of various lengths. The arrows in

the right column represent the dipole moment vectors; they lie parallel to the

page plane. The combination of the acetic group with a 19-carbon chain forms

arachidic acid. DCANP and VECANP are represented by the bond of the

alkyl-amino-nitropyridine chromophore with a 22, and a 24- component

hydrocarbon chain respectively; the VECANP tail is ended by a double carbon

bond. Nitrobenylidene-acetamino-alkyloxy-aniline, nitrobenylidene-alkyloxy-
aniline and alkyl-amino-nitrostilbene are joined to a 12, a 14, and a 2x 18 carbon

chain to form the MNBA0, MNBAp, ONBALB and the C218 LB molecules. The

7th carbon of a 17-component chain is bonded to the NBD group and ended with

a COOH group to form the SNBD (see next Figures).

The following figures show the MOPAC (molecule orbital package) optimized

configurations. The goal will be to discuss the possibility of arranging the

molecules in these minimum states into a 2-dimensional structure and to bring
them into a force field to minimize the energy of the structure.

The arrows in the figures of the molecule descriptions represent the polarization
vector \i. The heat of formation is defined as the energy needed to attach the

different atoms to form the molecules.
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3.2.1 Arachidic acid

This is the simplest LB molecule and it also has the smallest 2-dimensional unit

cell. In this family, we also find steric acid and behenic acid, which are made up

of a 17 and a 21 hydrocarbon chain, respectively.

This material is optically less interesting, the high hydrophilic chromophore

(COOH) having only the role of orienting the chain to the air-liquid interface.

This molecule makes stable Langmuir films (loss of less than 0.001% min"1), due

to the small size of the molecular head as well as the small dipole moment. The

repulsive interchromophore interaction is smaller than the attractive van der

Waals chain-chain interaction.

Arachidic acid is mainly used as a test LB molecule in experimental and

theoretical physics because of its simple structure and its good stability (Kurtiaz

1996, Fujimoto 1992, Schlotter 1986, Kajiyama 1996, Peltonen 1994). A second

application is to mix it with complex LB molecules in order to stabilize the film

(see Chapters 5 and 6).

Arachidic acid

molecular mass: M = 312.5 g/mol
molecule length: L = 3.2 nm

dipole moment: \x = 2.1 D

area per molecules: S = 2.2 nm

heat of formation: H = -225 kcal/ mol

3.2.2 The alkyl-amino-nitropyridine group

These molecules are two of the first used for nonlinear applications (Decher

1988, Bosshard 1989; Kiipfer 1995). The chromophore is the

2-alkyl-amino-5-nitropyridine, a one-ring group with moderate

hyperpolanzability. VECANP differs from DCANP by its last hydrophobic
double carbon bond.

Both molecules show two states with minimum energy (1,2 and 3,4), which are

mainly characterized by a rotation of about 180° around the chromophore
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symmetry axis. We can note that the material shows a maximum absorption at

370 nm measured in the spreading solution (chloroform).

DCANP VECANP

2-docosylamino-5-nitropyridine 2-(21 '-docosenyl)amino-

molecular mass: 5-nitropyridine

M = 447.7g/mol molecular mass:

M = 445.7 g/mol

% *S< *i$-

$.
2\ 3 C 4 \£

J*' >* i r
J' r ^> j'

J' t < *
J' >
J*" < i i

TABLE 2. Properties of DCANP /VECANP

Config.1 Config.2 Config.3 Config.4

Length L = 34.5nm L = 34.3nm L = 34.1 nm L = 34.2 nm

Dipole moment Mth = 7-8 D Mth = 7-8 D Mth = 7-9 D Mth = 7-6 D

Polarization direction ap = 170° ap = 147° ap = 170° ap=147°

Second order

hyperpolarizabilities
B0 = 20.5

•10-40m4/V

B0 = 20.5

10-40m4/V

% = 21

•10-40m4A/

B0 = 20.5

•10-40m4/V

Chromophore direc¬

tion
ac = 156° ac = 154° Oc = 156° 0^ = 154°

Heat of formation H =-104.3

kcal/mol

H = -105 4

kcal/mol

H = 73.4

kcal/mol

H = 74.1

kcal/mol

The chromophore direction corresponds to the angle between the acceptor-donor

axis and the chain direction.
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3.2.3 N-methyl-N-((7-nitrobenz-oxadiazol-yl) amino)
octadecanoic acid

SNBD is quite a strange LB molecule with two functional groups; one with

interesting NLO properties (NBD) and the second one with a high hydrophilic
characteristic (COOH). In spite of its complex configuration, this molecule forms

highly stable domains (see Chapter 4).

Like the nitropyridine LB molecular family, the SNBD single molecules have

two minimum energy states with a rotation of the chromophore of about 40°

around its symmetry axis. This influences the chromophore direction and the

dipole moment orientation. The material shows an absorption maximum at 475

nm.

SNBD

12-N-methyl-N-((7-nitrobenz-2-oxadiazol-

4-yl)amino) octadecanoic acid

molecular mass: M = 476.6 g/mol

1 —4^ 2
^> if's

IT

TABLE 3. Properties of SNBD

Configuration 1 Configuration 2

Length L = 23.7nm L = 23.6 nm

Dipole moment pth = 9.15D pth = 9.10D

Polarization direction ap = 99° ap = 113°

Second order

hyperpolarizabilities
l30 = 28-10-40m4/V B0 = 32-10-40m4/V

Chromophore direction ac = 90° ac = 113°

Heat of formation H = -63.2 kcal/mol H = -65.0 kcal/mol
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3.2.4 (N-octadecylamino)-nitrostilbene

C218 is the NLO LB molecules which can construct monolayers with the highest

second-order polarizability. It is composed of a two-ring chromophore of stilbene

connected to a strong acceptor (NO2) and donor (NHCnH2n+i)(C/ie«g 1991).

The length of the chromophore is more than one-third of the whole size of the

molecule, what indicates that the head-head interaction plays a major role in the

stability of the induced film.

Four minimum energy configurations can be observed in the simulations. They

are defined by a 180° rotation such as for DCANP and by two different

inclinations of the chromophore. The material shows an absorption maximum at

430 nm.

C218

4-(N-octadecylamino)-4'-nitrostilbene
molecular mass: M = 492.7g/mol

•L

*

f

1: 1
1

•<•

1 2 -<C 3!
<

TABLE 4. Properties of C218.

Config. 1 Config. 2 Config. 3 Config.4

Length L = 31.8 nm L = 31.8nm L = 34.4nm L = 34.9 nm

Dipole moment Mth = 8-9 D Mth = 9-0 D Mth = 8-7 D Mth = 9-0 D

Polarization direction ap= 121° ap = 125° ap = 151° ap=157°

Second order

hyperpolarizabilities
B0 = 99

10"40m4/V

R0 = 96

10-40m4/V

R0 = 90

10"40m4A/

B0 = 101

10-40m4A/

Chromophore direc¬

tion
ac = 123° ac = 123° ac = 150° ac=159°

Heat of formation H = -49.3 H = -43.4 H = -50.4 H = -50.3

kcal/mol kcal/mol kcal/mol kcal/mol
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3.2.5 Benzylidene derivatives

Another possibility is to bond the chains to chromophores that were already used

and acknowledged in molecular crystals (Bosshard 1995). Donor (CH3,
NHOCnHn+-| and OCCnHn+i) and acceptor (NO2) groups are bound to the

benzylidene backbone.

The EFISH and MOPAC results show that the acceptor group has less influence

on the hyperpolarizability of this LB molecular group. MNBAq differs from

MNBAp only by the chain length (n=14, and n=16, respectively).

ONBA

4'-nitrobenylidene-4-octadeconoxy-aniline
molecular mass: M = 494.7 g/mol

& %
\

1

i
2 i

< I
/"

%*

TABLE 5. ONBA properties

Configuration 1 Configuration 2

Length L = 35.8 nm L = 35.7 nm

Dipole moment Mth = 10.1 D Mth = 10.6D

Polarization direction ap = 163° dp = 159°

Second order

hyperpolarizabilities
30 = 42-1Cr40m4/V B0 = 44-10"40m4A/

Chromophore direction ac = 163° ac = 163°

Heat of formation H = -75.0 kcal/moi H = -74.7 kcal/mol
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The MOPAC simulation clearly shows two configurations for ONBAlb, but

because of its extremely complex structure, it is not possible to accurately
determine the minimum states for MNBA. Too many states with almost the same

minimum energy exist so that no configurations are presented in this work.

Coming from the simplest chromophore direction in the minimum state, the

ONBA should show better stability than the MNBA groups.

3.3 Electric-Field Induced Second Harmonic measurements

of Langmuir-Blodgett molecules

3.3.1 Theory of the experimental method

As explained in Chapter 1.3.4, the basic idea of the method is to measure the

frequency doubling efficiency of NLO molecules in dilute solution, which are

oriented by applying a vertical electric field across the liquid cell.

The macroscopic polarization P2(a induced in a solution by an incident laser field

Ew can be written as

pJm = HduK(E°)E?EK • (3-D

where the components dUK of the NLO susceptibility tensor are dependent on the

strength of the applied field £°, which is chosen to be parallel to the incident laser

field. The only susceptibility component producing a second-harmonic signal is

the diagonal component along this direction (d^j).

The relation between the microscopic hyperpolarizability P and the macroscopic
observable susceptibility is determined by statistical mechanics (Kielich, 1970).
The condition for a weak electric field is satisfied in the EFISH experiment

{Knopfle, 1995). Within this limit the orientational distribution also becomes a

linear function of the applied field,

pl = e0rL^Ef)2E° (3-2)

with the third-order susceptibility given by

and after definition y'= l|y + zjj-fj , (3.3)

assuming u is parallel to (5 ,
where N is the number density of the molecules

and/" represents local field factors. In cases of Kleinman symmetry and strong

donor-acceptor molecules, ficj accounts for almost all of Pz.
In a two-component solution, the macroscopically measured TL arises from the

sum of the contributions of both NLO molecules and pure solvent.
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Singer and Garito (Singer 1986) calculated the quantity y' in case of an infinite

dilution and found that

SIM

V

NA(e° + 2){n02 + 2)
3 1V0

8TZ
dw

+ uoro 1--
1 38

(E +2)dw OJ
(3.4)

where M-\ is the molar weight of the solute, w represents the weight fraction and

Vq, ng and e° are the specific volume, the refractive index and the dielectric

constant of the pure solvent, respectively. We can note that the determination of

y' requires the measurement of the concentration dependence of TL.

400 800

Thickness variation <nm)

I 200

Fig. 3.2 Second harmonic signal recorded as a function of the thickness

variation of the wedged cell for a solution of C218 in chlorophorm.

The second-harmonic intensity measured with the EFISH setup described in

Chapter 1.4 can be expressed as (Oudar 1977)

l2L =lf^L^GTGlc-,G-TLYLlcAE)2^2f^ • (3.5)

where f° is the intensity of the incident beam and Ic.q and lc.L are the coherence

lengths of the cell glass and of the liquid, r\L is an interface transmission factor, L

is the liquid path and FG is the induced NLO coefficient of glass. The factors TG
and TL result from the electromagnetic boundary conditions at the glass/liquid
interface. In case of negligible absorption, f(L) is given by
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f(L) = sm[0^j2 (3 6)

A typical measurement of the generated second harmonic depending on the

thickness variation AL is displayed in Figure 3 2 The coherence length lc L is

related to the separation of the fringe Ax via

Ax

/cX =

Yslna - (3 7)

where a is the wedge angle of the liquid cell

The macroscopic nonlinearities rL of the solutions were calculated by fitting the

fringes with the function (3 5) A solution of MNA (2-methyl-4-nitroanihne) was

used as a reference (Bosshard 1995) The hyperpolanzabihty (3 is determined

firstly by fitting the slope of the measured concentration dependence of TL (see

Figure 3 2) and secondly by replacing this value in equations (3 3) and (3 4)
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Fig. 3.3 Concentration dependence of the macroscopic nonhneanty J"; of

the LB molecules measured at X = 1907 nm (dnQuar7 = 0 277 pm7V)

The evaluation of hyperpolarizability from the measured nonlinearity FL requires

the knowledge of the ground state dipole moment [i„. This value was calculated

theoretically by the MOPAC technique (n,/,) or determined experimentally by the

concentration dependence of the dielectric constant {Guggenheim 1949).

3.3.2 Experimental results

The molecular hyperpolarizability was measured at X = 1907 nm, the

second-harmonic being at 954 nm, outside of the absorption region. The dilute

solution was chloroform. The experimental error was estimated at about 25%

coming mainly from the concentration determination, as chloroform is very

volatile, and from the substance purity. The dipole moment was calculated by
MOPAC with AMI parametrization. Care has to be taken, as experimental
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method often gives results that are too small, due to a nonhomogeneous

orientation of the molecules in the cell

lO° r-r-T

E
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i I i
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1800 2000

Fig 3 4 Wavelength dependence of the molecular hyperpolanzability

Figure 3 4 shows the measured points and a two-level model curve (Equation

(1 4) adapted to the hyperpolanzability definition (1 5)) As expected, the

two-ring chromophores show higher values than the one-nng systems, as the

molecular hyperpolanzabihties depend directly on the derealization of the

Tt-electrons The benzylidene groups show smaller results than the stilbene

systems, as described in the literature (Bosshard 1995) C218 possesses one of

the highest hyperpolanzabihties of the restneted LB molecule class which could

produce a homogenous monolayer on a liquid surface and which could be

deposited on a substrate.

3.4 Molecular parameter calculations

Molecular structure optimization (see Annex A) by numencal methods is a

complex science where many tools and methods have been developed, but which

gives good results only for simple configurations or defined molecular groups

(Rappe 1997, Zyss 1979) Subsequent molecular structure optimizations were

performed using the MOPAC method (Kurtz 1990) It is a semi-empincal
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quantum chemistry method, which gives better predictions than the force-field

technique, because of its better charge distribution recalculation algorithm

The MOPAC finite-field method is based on the expansion of the total molecular

energy in the presence of the electric field F

E(F) = E{Q)-^Frl-aJ]FiFj-^J]kFiFjFk-^J]klFiFFkFr
(3 8)

The dipole moment and the polanzabilities can be expressed as electric field

derivatives of the molecular energy

_

dE f
_

dE
^ ~

W; a'J
~

JFdF'

qT
=

3£ 7-
=

dE.

"V dF^FjdF^'jU dFidFjdFkdFl
( '

The calculation of diagonal and nondiagonal polanzabihty elements is possible

by solving the equation (3 8) for different field strengths {Kurtz, 1990)

The molecular configuration optimizations and calculations were performed

using the AMI (Dewar 1985) parametnzation implemented in the semi-empuical

program package MOPAC6 This choice is first justified by the fact that other

parametnzation systems, like MNDO with the nitrogen atom, can in certain cases

lead to erroneous structures The second reason is that this method has already

been used with other NLO molecules (Knopfle 1995), with which our new results

could also be compared

The definition of the P coefficient is different in the MOPAC package than in the

EFISH method Equation (3 8) is a Taylor development, in which the

hyperpolanzabihty is different by a factor 2 from the first definition (1 2) The

static hyperpolanzabihty (3^(0,0,0) (1 5) is also 4 times larger

The MOPAC calculation gives as a result the vector part (3?- along the molecular

dipole moment

or by taking into account the Kleinman symmetry,

oM0PAC 20T
P =

gPz (3 11)

In summary, the calculated value of static hyperpolanzabihty must be multiplied

by 5/8 to be compared with those measured by EFISH

The optimized molecular structures are displayed in Chapter 4 4 Table 2

presents the MOPAC predictions of the non-linear optical coefficient 6 for the
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investigated chromophores. The x-component (see Table 1) is replaced by a

methyl group. The DANS is a N-nitrostilbene derivative with two CH3 groups

bonded to the nitrogen atom instead of one CH3 group and H-atom. The

properties of real LB molecules which have been calculated (suffix th) and

measured (suffix exp) are summarized in Table 3. As has been previously

explained, in the experimental determination of j3rj, tne calculated value of the

ground state dipole moment is used. Table 2 shows sometimes several theoretical

values which come from various possible molecular ground-state configurations.

The results show that the experimental determined hyperpolarizability and the

MOPAC calculated value are similar. The difference is of about 20% (Poexp <

Prjtn) f°r one "rig configuration and of about 7% (Poexp > prjth) f°r the two ring
configuration.

The comparison of the dipole moment and the hyperpolarizability of

chromophores and whole LB molecules shows that the chain has a positive effect

on the NLO coefficient. The hydrocarbon group increases the acceptor strength
and also the dipole moment and the second-order polarizability.

TABLE 6. Chromophore optical properties calculated by MOPAC

Name

Dipole moment

(D)

Hyperpolarization

(10 ^V)
carboxylic acid Mth = 1-5

2-alkyl-amino-5-
nitropyridine

Mth = 7-4 Both = 18

7-nitrobenz-2-oxadia-

zol-4-yl
Mth = 5-7 Both = 9

4'-nitrobenylidene-3-
acetamino-4-alkyloxy-ani-
line

Mth = 7-0 Both = 18

4'-nitrobenylidene-4-
alkyloxy-aniline

Mth = 6-4 80th = 42

4'-alkyl-amino-1 -

nitrostilbene
Mth = 8-5 B^ = 106

4-dimethylamino-4'- pth = 10.1 80th =214
nitrostilbene

{Cheng, 1991)
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TABLE 7. LB-molecule optical properties

Name

Dipole moment

(D)

Absorption
maximum

(nm)

Hyperpolarizabllity

(IfJ-^V)
Arachidic

acid
Mth = 2.1

DCANP Mth = 7.8

Mexp = 6-8

1 = 370 s1907 = 23

B0exp = 20

Both = 25

VECANP Mth =7.6-7.9 1 = 370 Both = 26

SNBD Mth = 9.1 1 = 475 Both = 40

MNBAq Mth =6-5 1 = 390 &1907 = 74

Guexp =59

B0,h =52

MNBAp Mth = 6-5 1 = 390 B1907=70

R0exp =57

Both =50

ONBALB uth = 6.9 1 = 431 B1907 = 62

60exp = 51

Both = 44

C218 Mth = 8-7-9 1 = 430 B1907 = 189

Mexp = 7-2 8oeXp = 133

Both = 112-125
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4 Formation of Langmuir films on the water

surface

4.1 Molecular interaction types

An ideal Langmuir film can be considered as a two-dimensional structure in

which two intermolecular-force families can be determined. Owing to

differences in the film thickness, the interaction between the chains can be

distinguished from the interaction between the chromophores.

4.1.1 Van der Waais forces

The chain-chain attractive interaction is of a van der Waals type. A hydrocarbon
chain has a neutral charge and is non-polar, so all direct electromagnetic force

types can be ignored. The van der Waals dispersion force acts between any given
number of atoms. They can be either attractive or repulsive and have a range that

extends from 0.2 nm to more than 100 nm. They must be calculated

self-consistently, the interaction between two molecules being affected by the

introduction of a third one. The origin of van der Waals dispersion forces

(Israelachvili 1972) can be understood by considering that in every atom there is

an instantaneous dipole moment that will act on a nearby atom to generate an

instantaneous induced dipole moment.

The van der Waals interaction has a finite speed of propagation and retardation

effects must be taken into account {Tabor 1969). These effects can be neglected
below 1 nm, but play a major role for distances larger than 10 nm. The van der

Waals interaction between atoms is generally given by

w(r) =

°
(4.1)

,A
N2

(4ne)J
6

r

or after London {Israelachvili 1972) for dissimilar atoms,

(4.2)w(0=(-| OCjOCj /l\),/tt)2 l

W)2 ^l"^) r6

where (Xj are the atom polarizabilities and h\) the first ionization potential.

In case of a real neutral atom interaction, the Lennard-potential combines the

attractive van der Waals and the repulsive atomic potential, giving

w(r) = 4WQ #'-$] ' (4.3)

This model makes the two atom system compressible.
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4.1.2 Electrostatic interactions

We can note that the NLO chromophores are characterized by their high dipole
moment (see Chapter 3) and low ionization potential. Both of these remarks

imply that the interactions between the head parts of LB molecules are

dominated by electrostatic interactions, which have been calculated in the

literature (Israelachvili 1972).

The charge-charge interaction and the ionic force are derived directly from the

Coulomb interaction. The ion-dipole interaction is given by

. . qacosiQ) 1
....

w(r)=
4^7'

(4-4)

where q is the charge of the ion, \x is the dipole moment and 0 is the angle

between the direction of the dipole moment and the position of the ion. For a

thermal distribution of the angles we get for KT > q\i/(4nzr )

_

2 2

w(r) =
2_L -L

. (4.5)

6(4ne) KT r

The result of the dipole-dipole interaction calculation is

w(r) = ——j(2cos(Q1)cos(B2) - sin(Ql)sin(B2)cos(<b)) (4.6)
4ner

and for angle average interaction at high temperature:

2 2

w(r) = 4- •

-, . (4.7)

3(47ie) KT r

4.1.3 Hydrogen bonding

The whole compression process happens in water, with the poled parts of the

molecules interacting directly with the H20 molecules (Fig. 2.1). Since the

interaction strength order for distances smaller than 0.5 nm is

^electf" ^H-bond> ^vdW *e hydrogen Dond plays an essential role in the

stabilization of the LB film. We will see in the following chapters that the

stability of the monolayers are pH dependent.

The hydrogen bond is an interaction resulting from an attractive force between a

hydrogen atom covalently bound to a donor atom D and an acceptor atom A. The

strength of the H-bond depends on the electronegativity of the acceptor and on

ionic potential of the donor. Typical interatomic distances for hydrogen bonds

are given in Table 8.
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The characteristic feature of hydrogen bonds is their strong directional character,

which is of special importance since molecules that form hydrogen bonds have a

high tendency to crystallize in a noncentrosymmetric 2-dimensional structure,

the basic condition for an NLO material (Roberts 1990).

TABLE 8.

Type of H-bond DH....A Range of H...A distances (nm)

0H...0 0.14-0.21

NH...O=C 0.16-0.21

NH...O 0.16-0.24

NH...N 0.17-0.22

4.2 Film characterization by isotherm measurements

We investigate here the stability of the Langmuir films on the liquid subphase by

compressing them and recording the surface pressure in function of the film area.

These measurements give information about the phase transitions of the

2-dimensional structure and about the possibility of achieving a stable pure

monolayer. The planar intermolecular forces can also be discussed indirectly.

Two different phase transitions must be distinguished. The transition is called

first order if the energy/temperature curve is discontinuous at the transition point
and second order if it is continuous. Also, materials of two phases coexist at the

same pressure only in the case of a first order phase transition.

4.2.1 Films with second order phase transition

Arachidic acid, DCANP/VECANP and the LB molecule band on MNBA all

have a second order solid-liquid phase transition. However, only the

nitropyridine LB molecule type presents interesting 2-dimensional domains that

are NLO active. Arachidic acid is a very stable test molecule, while the MNBA

type, in spite of the chromophore with high hyperpolarizabilities, does not show

a well organized noncentrosymmetric structure.

We measured the isotherm of arachidic acid changes if the liquid subphase was

pure water or water with cadmium ions (concentration: 3-10"4 M CdCl2). The

addition of cations causes two phenomena. Firstly it changes the

hydrophilic-hydrophobic equilibrium of the molecules themselves. The

molecules penetrate more into the liquid and stay more vertical in the gas and

liquid phase. Secondly, the cadmium ions increase the horizontal intermolecular

interactions. Both of these effects transform the isotherm by adding an interphase
between the solid and the liquid phase (Fig. 4.1, Riegler 1989).
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DCANP and VECANP, although identical except for the last double carbon

bond, have totally different structure and stability. DCANP collapses at about 40

mN/m, while VECANP collapses at 10 mN/m. The solid state starts at different

molecule areas (Fig. 4.2). The last double carbon bond of VECANP totally

changes the horizontal equilibnum of the molecules at the air-water interface and

the chain-chain interaction which has a direct influence on the film stability.
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Fig. 4.1 Isotherm of Cadmium arachidate and arachidic acid. The LB

molecules are stabilized at the air-liquid interface by the addition

of cadmium ions

Two DCANP solid domains recorded in SH and AEC microscopy are presented
in Figure 4.3. The domains appear suddenly during compression and their sizes

do not increase as Kiipfer et al. showed. The DCANP LB film has a susceptibility
of 8 pm/V, determined by Bossard et al.
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Isotherm of DCANP and VECANP Although both molecules differ

only in the last double carbon bond, the isotherms look dissimilar.

DCANP domains Their form is identical in SH (left) and AEC

(right) microscopy (surface pressure' 18 mN/m).

The isotherm of the MNBA LB molecules with chains of variable length are

displayed in Figure 4.4. It could be seen that both curves present a similar form.

Both films collapse at the same pressure (45 mN/m). This is in agreement with

Chapter 3, which showed the complexity of the chromophore minimum state and

that a stable film is difficult to obtain.



55 Formation of Langmuir films on the water surface

L | J

o 10 20 30 40 50

AREA PER MOLECULE tA2]

Fig, 4.4 Isotherms of MNBA based molecules. The curves show a similar

form although the chain length is different.

4.2.2 Films with first order phase transition

A plateau in the isotherm curve is a typical characterization of a first order phase
transition. This is due to the fact that two phases (solid and liquid) are present at

the same pressure. It implies, contrary to a second order phase transition, that

solid domains grow. The plateau condition is not reciprocal. There are LB films

with a first order transition which do not show a plateau.

SNBD LB films are the classic examples of first order phase transition (Midler

1991 (1) and (2), Mori 1988, Bercegol 1989 and 1992, Mingotaud 1994). During
the compression, when the surface pressure starts to increase (between 0 and 12

mN/m) long and sharp needles appear, as observed by the AEC microscope. The

domain's dimensions increase during the entire compression (Fig. 4.7A and B).

At a pressure above 14 mN/m when the needles start to compress themselves

(Fig. 4.5) they break (Fig. 4. 7C and D). At a pressure above 20 mN/m, the

number of molecules in the liquid phase is very small. The lengthened domains

cover the whole surface and touch each other, but no attractive forces interact

between them. A horizontally-oriented friction effect, which distorts their

longitudinal form, appears between the needles.The domains preserve, however,

their optical polarization (Fig. 4.7E and F).
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To prove that the phase between the needles is a liquid, oil was added in the

SNBD/chlorophorm spreading solution (see Chapter 2). This compressed film

showed that the oil drops move and are pressed between the needles (Fig. 4.8).

This experiment also proves that the 2-dimensional SNBD domains have a large

solidity.
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Fig. 4.5 Isotherm of SNBD molecules. The plateau is a characteristic of the

first order phase transition.

The SNBD isotherm curve was fitted by the 2-dimensional adapted van der

Waals equation:

«= d
KTN

aN )+D (4.8)
A-bN

where JV is the number of molecules.

This gives a molecular area of b = 0.28 ±0.06 nm2 which is comparable to the

value determined by the first order phase transition formula (Fig. 5.6, Flament

1994).

The NLO coefficient of SNBD is smaller than that of DCANP, although their

hyperpolarizability is larger {Bosch 1996).
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0.6 I .8 2.2

Density (molecules/ nmE)

Fig. 4.6 VdW fit of the SNBD first order solid-liquid phase transition. The

value of b corresponds to the molecular surface in the solid phase
determined perpendicularly to the chain direction.
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25 urn 7 urn

7 um 7 um

Fig 4 7 AEC images of SNBD domains at different pressures (A,B 8

mN/m, C 12 mN/m, D 14 mN/m, E,F 20 mN/m) By compressing

the film, the solid needles grow in a first phase and are pressed

together in a second phase Although the film collapses, domains of

different polarizations can always be distinguished
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Fig. 4.8 AEC images of oil mixed with SNBD. The movements of the oil

drops (white spots) show that a liquid phase is present between the

solid domains

The ONBA isotherm looks precisely like a first order phase transition curve (Fig.

4.9). But the domains could not be optically observed in-situ, so it was not

possible to investigate the solid phase formation, which is the criterion for

determining the order of the phase transition.

so

60 75
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Fig. 4.9 Isotherm of ONBA molecules. The curve is typical of a first order

phase transition. Unfortunately no distinguishable domains are

observable.
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C218 is the most interesting NLO LB film presented in this dissertation. The

second harmonic signal is observable without an amplifier, to the naked eye or

with a magnifying glass.

The preparation of the spreading solution consists of mixing the pure C218

powder with toluene. The LB molecules are spread on an acidic water solution

(pH between 1.1 and 1.7). The quality of the floating monolayer depends on the

concentration of C18 in the toluene. The more concentrated the solution, the

larger the solid monolayer domains are.

The domains show a dendrical form with branches presenting fractal forms. The

SH and AEC images of the solid phase show that both sides of the macroscopic
structure have two different polarizations (Fig. 4.11). The image recorded with

the second harmonic and the absorption microscope are in agreement. The NLO

signal of C218 is estimated to be 10 times higher than that of DCANP (8 pm/V).

so

O.O 15.0 30.0 45.0 60.0 75.0
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Fig. 4.10 C218 isotherm. Although the curve does not show a large plateau,
the liquid-solid phase transition is of first order, the domain

formation being progressive.
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I oo urn

Fig 4 11 Dendncal domains of C218 imaged by AEC microscopy. The sides

of the branch have a different polarization (pressure. 38 mN/m)

The domain formation shows that the dendncal structure grows dunng the

compression till a pressure of 40 mN/m. This effect proves that two different

phases are present together, implying a first order phase transition.

The solid phase changes progressively to a centrosymmetrical phase at and above

the pressure of the plateau (40 mN/m). The dendncal domains disappear one

after the other (Fig. 4.12)

After the transfer of dendrical domains of C218 onto a solid substrate the

monolayer thickness was determined by AFM The result shows that the chains

of the molecules are onented perpendicular to the film plane. This is due to the

NH group submerged in the highly acid water solution. The amino group

protonates and is stabilized at the air-liquid interface. The hydrophobic tendency
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of the LB molecule is larger so that it stays more vertically onented in the acid

solution without additional external surface pressure

7 [xm

Fig 4 12 Second solid phase transition of C218 At a pressure of between 40

and 50 mN/m, the noncentrosymmetnc domains disappear and only
some amorphous structures are observable optically

i oo nm

Fig 4 13 SHG transmission microscopy on dendrical domains of C218 The

molecules on the one branch side are onented parallel one to one

another
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I oo (im

Fig. 4.14 The C218 domains are observable by SHG in reflection too.

4.3 Influence of temperature on the domain formation

2-dimensional films can be simulated like 3-dimensional bodies by statistical

theory (BEGP theory: Blume 1971, Berker 1976, Migdal theory: Migdal 1976,

Kadanoff 1976, Albinet 1983, Firpo 1984, Legre 1985). The precise isotherms

are impossible to calculate since the intermolecular force between the LB

molecules floating on a liquid subphase is too complicated to simulate. Only

qualitative and empirical remarks could be etablished up to now (Won Kim 1975,

Hawkins 1974, Middelton 1984).

The measured isotherms are presented in Figures 4.15, 4.16, 4.17 and 4.18

(VECANP, DCANP, SNBD and C218 respectively). Films with first and second

order solid-liquid phase transitions are investigated. The following observations

can be made from the measured surface pressure/film area curves.

Firstly, for all film types, the collapse pressure decreases when the temperature

increases. This effect is totally logical, the activation being a function of the

temperature. At a higher temperature, the molecules move more freely and can

reach a non-monolayer minimum state more easily.

Secondly, it can be noted that the plateau of film pressure with first order phase
transition is less temperature dependent (Fig. 4.17 and 4.18). In this case, a high
activation energy is needed to change the equilibrium, the liquid phase having the

effect of an energy buffer.

Finally, the isotherms of DCANP and C218 show that the surface area for the

same pressure changes with the temperature. This effect is due probably to a

modification in the crystalline structures in the unit cell of the solid phase. The

energy minimum states of the films made for both of these molecules are very

numerous and energetically very close. With a small increase of temperature, the

equilibrium and the minimum energy state could change, making the film less

stable.
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Fig. 4.15 Isotherms of VECANP. The temperature clearly decreases the

stability of the molecules at the air-water interface.
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Fig. 4.16 Isotherm of DCANP. The molecular area increases when the

temperature increases. A modification in the 2-dimensional

crystalline structure probably appears.
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5 Films deposited on a solid substrate

5.1 Introduction

The films transferred onto a solid substrate were observed by optical far field and

atomic force microscopy. The experimental characterization of the

Langmuir-Blodgett film is more simple than the Langmuir monolayer, because

of the more stable interface. The AFM measurements on films deposited on a

solid substrate offer the great advantage of being able to determine the film

thickness, which is not possible on an air-water interface (see Chapter 6). We can

characterize the orientation to the LB molecules by combining them with the

results of the far field microscopy {Kato 1994, Chi 1994, Bourdieu 1993,

Fujihira 1994). The results must take into account that the transferring technique
can modify the domain structure observed on the air-water interface (Kiipfer
1994). In AFM measurements on LB film, the best resolution in x-, y- direction is

generally obtained in lateral force mode {Meyer 1992).

Vertical dipping Horizontal dipping

Langmuir film

Liquid subphase

Fig. 5.1 Vertical and horizontal dipping
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The quality of the layers deposited by vertical or horizontal dipping techniques
depends on the film-film or film-substrate interactions, which are in most cases

not fully understood theoretically {Spratte 1995). The LB technique is based on

the fact that the intermolecular forces are larger than the molecule-liquid
subphase interaction. A small substrate-film attractive force can also permit the

film transfer. We can conclude that the film stability is dependent primarily on

the intermolecular forces in the layer and secondly on the layer-layer interaction.

Hydrophilic-hydrophilic or hydrophobic-hydrophobic interactions are generally
more attractive than hydrophobic-hydrophilic interactions {Robert 1990). Such

interlayer forces result in the fabrication of a y- type film (see Chapter 2). The x-

deposition type is usually favored by high pH values {Gaines 1978). The z- type

is constructed in case of LB-molecules without chain (den Engelsen 1971).

Figure 5.2 shows a typical AFM force-distance curve (see Chapter 3), recorded

on an LB film with low stability. The adhesion effect, which can be determined

by measuring the minimum of the retracting curve, is relatively large in

comparison with the amplitude of the applied repulsive force. This is due to the

extreme smoothness of the LB film, which allows the AFM tip to penetrate easily
inside the multilayers. The feedback is also very sensitive, a too strongly applied
force can destroy the film. To prevent this effect, cantilevers with a small spring
constant are employed in contact mode.

The approach curve displays an adhesion effect of about 0.2 nN. We have to note

that the Si3N4 tip approaches the hydrophobic side of the film (chain side).
Similar results have been obtained with a conductive AFM tip. The interaction is

also probably mainly of van der Waals type. Israelachvili calculated the van der

Waals forces between surfaces of different forms {Israelachvili 1991). He found

that the van der Waals interaction energy between two flat surfaces is equal to

*-» "

S3
(5•"

and for a surface and a sphere

AR

6z

where A is the Hamaker constant, I2 the surface, z the surface distance and R the

sphere radius. The end of the AFM tip can be approximated as a bowl of a

defined radius, and therefore the formula (5.2) can be used. The Hamaker

constant is typically for organic material in the order of 10"19 J. We find for a tip
radius of 50 nm that the interaction is about 0.1 nN, which confirms theoretically
the experimental results.

Evdw = 9r
• (5-2)
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Fig. 5.2 Force-distance spectroscopy on an ONBA bilayer; the tip
approaches the film from the chain side.

5.2 Substrate characteristics

The quality and the stability of the deposited LB film depend firstly on the

substrate. An ideal substrate must be atomically flat to allow an isomorphic

deposition and must be highly hydrophobic or highly hydrophilic, depending on

the transfer type and the molecular properties. The hydrophobic or hydrophilic
coefficient of the surface is determined by measuring the contact angle of a drop
of water deposited on the investigated surface (Israelachvili 1991).

All hydrophilic glasses (probe glass, pyrex, quartz) cleaned with a highly

aggressive acid (hydrofluoric acid or chrome sulfuric acid) belong to the high

hydrophilic substrate class. Freshly evaporated gold layers and, with a larger
contact angle, mica, silicon and silicon oxide, are classified as slightly

hydrophilic substrates. Figure 5.3 shows the surfaces of the different substrates

which could be used as solid basis for LB film. It can be observed that mica,

which shows a layer structure with van der Waals and ionic forces as interlayer
interaction, possesses the smallest roughness coefficient. Gold has some bumps

coming from the epitaxy technique.

The surface of glass or silicon is made hydrophobic by depositing a self-

assembled film of silane. This technique offers several advantages: the surfaces

show a very high contact angle; the layer is transparent, so that the probe can be

used in transmission optical microscopy; and finally, the silane film fills the

holes on the solid substrate so that a small roughness can be obtained. It can be
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noted from Figure 5 5 that the silanized silicon (RMS value 1 2 A) shows a flatter

surface than silanized pyrex (RMS value 1 9 A)

I OO nm 200 nm

400 nm 80 nm

Fig 5 3 Substrate surfaces measured by AFM in the contact topography
mode (A, silanized silicon, B, silanized pyrex, C mica D, gold)

Figure 5 4 displays two force-distance curves recorded on a hydrophihc substrate

(glass) and on an hydrophobic surface (silanized pyrex) by a conductive tip An

attractive force is only detectable on the curve recorded on the hydrophihc

surface The adhesion effect is much higher in the measurement on glass, in spite

of the large applied force and of the large hardness coefficient of glass These

effects are explained by the small tip-sample molecular forces between the

silanized film and the conductive tip, where the van der Waals interaction
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prevails. On a glass surface, where covalent bonds are broken by acid,
electrostatic interactions appear.
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Fig. 5.4 FD curves on a hydrophilic (A, glass) and hydrophobic (B,
silanized pyrex) substrate. Both curves are measured with a

conductive AFM-tip (k = 30 N/m).

5.3 Pure Langmuir Blodgett films

5.3.1 Langmuir-Blodgett films with aikyl-amino-nitropyridine
chromophores

We observe that when LB molecules with the nitropyridine chromophore are

used, only LB films of DCANP (22 hydrocarbon chain components) can be

transferred onto a substrate. Neither AG 157 (C24H49), TANG (C20H51), nor

VECANP (ending with a double carbon bond) make stable LB layers. On the

other hand, DCANP can be transferred to both hydrophobic and hydrophilic
substrates (Fig. 5.5, Fig. 5.6). In both cases a y-type structure is produced; when

the substrate is hydrophilic, the structure shows an odd number of layers, and

otherwise an uneven number. DCANP is one LB molecule that forms

noncentrosymmetric y-type multilayers of a single material. The reason for this

noncentrosymmetry is that the chromophore of DCANP is tilted with respect to

the hydrocarbon chain. These tilted chromophores are arranged in a structure

where the average charge transfer axis essentially lies in a plane parallel to the

dipping direction of the LB transfer axis. This leads to the anisotropy observed in

absorption as well as in second-harmonic generation experiments (Bosshard

1990).
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The form of the domains depends greatly on the transfer method (Kupfer 1995).

Ferrolite structures deform along the dipping direction when the film is deposited

by the vertical method (Chapter 2). But then again, the same structure as the film

observed on the water is optically imaged in the case of horizontal deposition. In

the following experiments, the films are deposited by the vertical dipping

process.

Figures 5.5 and 5.6 show a bilayer and a monolayer transferred onto solid

substrates, respectively. The hydrophilic side of the molecules is also touched by

the AFM tip in measurements 5.5A, 5.5B and 5.6 above and the chromophore

side in 5.6 below, by assuming that we are in the case of a y-type structure. Holes

are present on all images except in the monolayer picture measured in water. This

displays that drying of the film destroys the film structure, which means that the

water molecules play a major role in the formation of the film structure.

A larger surface of silanized silicon is covered by the bilayer of the silanized

pyrex. This effect is probably due to the flatter surface of silicon. The film

thickness can be determined by measuring the hole depths: d = 1.8 nm ±0.1. No

ferrolite domains can be observed in the AFM images. As will be proven at the

end of this chapter, the polarization of the domains cannot be detected in any

AFM mode. Because the 2-dimensional phase transition is of second order in the

case of a DCANP Langmuir film, no contrast in the topography can be

distinguished in the AFM image; the two phases do not exist together.

DCANP BILAYER ON OTS AND PYREX DCANP BILAYER ON OTS AND SILIZIUM

I urn 2.5 urn

Fig. 5.5 DCANP bilayer imaged by AFM on silanized pyrex (A;Z-scale: 11

nm) and on silanized silicon (B;Z-scale: 9 nm).
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DCANP MONOLAYER ON MICA

200 nm

DCANP MONOLAYER ON OTS AND PYREX

»

i

m *

500 nm

Fig. 5.6 DCANP monolayer imaged by AFM on mica (above; Z-scale: 5 nm)
measured in air and on silamzed pyrex (below; Z-scale. 4 nm)
measured in water.

The good stability of DCANP in the LB configuration allows high resolution

AFM measurements (Morita 1996, Nakagawa 1995). Figure 5.7 shows DCANP

AFM images in high molecular resolution. They present a molecular rhombus

2-dimensional unit cell with the angle a = 59° ± 7° and the length a = 0.71 ±0.1

nm. The error is calculated by taking into account that the scanner has a

calibration error of about 10%, which is generally assumed in high resolution.
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Figures 5 7A and C display two images scanned under a direction difference of

90° We can observe that the tip no longer follows the molecular potential when

it is moved in the direction where the molecular distance is the smallest The

molecular surface is 3.25 nm2 which confirms the value given by the isotherm

measurement.

a=0 71 nm

"*"*•«* °*~"~ '^—

Fig 5 7 AFM high resolution measurement of DCANP monolayer deposited
on mica, scanned under a direction difference of 90C(A,B with C)
The better resolution is displayed in (B)
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a(simulated) = 0.67 nm

a(simulated) = 62°

Fig. 5.8 DCANP monolayer unit cell simulated with Dreiding force field.

The chain tilt angle /3= 45°.

The 2-dimensional unit cell of DCANP is simulated with the Dreiding force field

using the method described in Annexe A. The molecular configurations were

optimized by MOPAC calculations and introduced into a 2-dimensional periodic
structure. The total energy of the unit cell was minimized using the platform of

Cerius, with the Dreiding force field parameters. We started the calculation first

with a one molecule unit cell. The calculated results gave about five different

structures with about the same minimal energy. The choice of the configuration
was determined by using an experimental parameter. We chose the film

thickness, because it showed a well defined value with an error value of

maximum 10%.

The resulting simulated one-molecule unit cell is presented in Figure 5.8. The

angle a is equal to 62° and the length a to 0.67 nm, which is in good agreement

with the experimental value determined by AFM (a = 59° ± 7°, a = 0.71 + 0.1

nm.). The chain tilt angle is 45° and the polarization angle 78°(configuration 2 of

Chapter 3), which has been determined optically to 68° ± 22°, assuming the

molecules lie completely flat on the surface {Bosshard 1995).

A two molecule unit cell was simulated too, but did not show a big difference to

the one molecule cell. The energy per molecule was only 7% smaller and the

molecules were always oriented in parallel form, in spite of the totally different

situation at the start. Higher cell orders can no longer be calculated with our

computer, but the experimental and simulated data show that the one molecule

unit cell is the most probable.
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5.3.2 Films of LB molecules with a side attached chromophore

The chromophore NBD is not attached at one end of the hydrocarbon chain, but

in the upper third (see Chapter 1). A COOH group is connected to the end of the

molecule to make one side highly hydrophilic to orient the molecule in the

air-liquid interface.

I OO (im

Fig 5.9 AEC images of SNBD domains transferred on quartz

This acetate group allows the film transfer onto solid substrate too. Experience

has revealed that an SNBD monolayer can only be transferred on a hydrophilic

substrate (probe glass, quartz, pyrex) by vertical deposition method. The reason

is probably due to the hydrophilic NBD group which makes the second side

chain hydrophilic too. We note that the film is deposited in the retracting phase
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and that only one layer can be transferred, the film going back to the air-liquid
interface in the dipping phase. The film must be transferred with a high velocity
to prevent domain dislocation.

Figure 5.9 shows SNBD needles transferred onto quartz. The images display that

the AEC contrast theory works in the air-solid interface as in the air-liquid
interface. The contrast sensitivity is slightly worse, most likely because of glass
reflections and dispersion of the illumination light.

We note that the domains were transferred onto quartz in the same "frozen"

situation that they were on the water (Fig. 5.7). No needles were reoriented

during the dipping retracting phase. Also the domains could be transferred by all

surface pressures. Needles of all sizes and in broken states were deposited on a

solid substrate.

LATERAL FORCE

30 urn

Fig. 5.10 SNBD long needles measured in lateral force AFM mode. The two

domains have a polarization orientation difference, which is not

distinguishable on the AFM image

The possibility to transfer the SNBD film onto a solid substrate allows an AFM

study of the needles. The first measurements showed us that the domains are very

sensitive to the force applied on the cantilever. The tip-sample force must be

small enough to prevent moving or destroying the needles. Figures 5.10 and 5.11

present AFM image in contact mode of SNBD domains. The experiment showed

that the lateral force mode gives a better contrast than non-contact images. This

confirms the theory of Meyer et al. (Chapter 5.1) since we are in the case of a

2-dimensional crystallized structure. It is really difficult to image a domain in the

topography mode in contact, while it is not possible in the AC-tapping mode.

Non-contact mode is possible only after laborious adjustments.The lateral force
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gives, however, no information on the domains' optical polanzation The contrast

measured in AEC microscopy between domains of different directions cannot be

distinguished in friction mode By assuming that the polanzation direction is a

function of the chromophore orientation, we can conclude that the AFM fnction

mode is not sensitive to the unit cell onentation.

Topography in contact mode

I O |jm

Lateral force forward Lateral force reverse

I O |jm I O \tm

Fig 5 1 1 SNBD domains imaged in topography, lateral force forward and

lateral force reverse modes at a broken place

The slightly bumpy structure on both sides of the needles in Figure 5 12 show

that not only the solid phase, but also the liquid phase, is transferred onto the

substrate No high resolution imaging has been achieved on SNBD needles with
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AFM at the air-solid interface. The LB film is not stable enough to be measured

to the level of the molecular unit. Nevertheless, the film thickness has been

determined in contact topography mode (d = 2.3 nm ± 0.3 nm). This value

corresponds to the molecule's length and confirms the X-ray measurements

(Flament 1994) which predict that the molecules are not tilted in the domains.

The 2-dimensional unit cell of SNBD deduced from X-ray measurement

{Flament 1994) consists of 16 molecules and could also not be optimized with

the same force field method used for DCANP, as the computer works too slowly.
We tried, however, to simulate the configuration of a maximum 10 unit cell, in a

nonperiodic system. This systematic search of a structure with a molecular

surface area of 0.32 nm2 (determined by the isotherm) showed that no structure

smaller than the 16 components predicted by Flament et al. is stable. The

chromophore-chromophore repulsive interaction is only attenuated in a large unit

cell. The simulations showed clearly that the molecule configuration is closer to

the configuration 1 than the configuration 2, described in Chapter 3.

Height (nm)

Distance <nm)

Fig. 5.12 Determination of the domain thickness. The edges of the domain

are not perpendicular to the substrate plane. This effect comes from

edge dissolution effects and domain instability.

The SNBD needles dissolve in an air environment due to the ambient humidity.

Figure 5.13 shows the domain state after 48 and 96 hours. The effect starts from

the edge of the domain and progresses to the centre. The needles are still

recognizable after two days, but after 96 hours only small points, which can only
be imaged in the noncontact mode, prove the presence of old domains.
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After -48 hrs

lateral force

A nm

Fig 5 13 Dissolution of the domains in the air environment Images A and B

were measured in the lateral force mode while image C in the

non contact mode (the contrast is inverted)

5.3.3 LB-films with alkyl-amino-mtrostilbene chromophores

The C218 Langmuir films can be transferred onto a hydrophobic solid substrate

such as DCANP layers The images presented in Chapter 4 compared to the

images 5 14, 5 15, 5 16, 5 17 and 5 19 show clearly that the dendrical domains of

C218 are not modified by the vertical deposition process The entire domains are

completely transferred Superposing of two or three C218 domains, one on top of

the other, have been observed in AEC microscopy
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I OO urn

Fig 5 14 C218 domains transferred on silanized pyrex image measured by
AEC microscopy
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Although the domain can be easily destroyed with the AFM-tip (Fig. 5.19), the

domains are very stable on silanized pyrex or quartz, due probably to the high

molecule-molecule interaction (see Chapter 4). The structure can still be

observed after 3-4 months.

I OO urn

Fig. 5.15 SHG microscopy on C218 domains.

The optical experiment, like that performed on the air-water interface, shows that

we are confronted with a case of noncentrosymmetrical domains with branch

having sides with two different polarizations. Image 5.16 shows that the optical

polarization measured in absorption microscopy is in good correlation with the

measurement of the second harmonic microscope. It must, however, be noted

that the two techniques probe different properties. AEC microscopy is sensitive

to the complex index of refraction, whereas SH microscopy probes the

second-order optical susceptibility. SH microscopy provides additional

information on the surface order and symmetry, since a second-harmonic signal
arises only from a noncentrosymmetric structure. By using the linear optical
AEC microscopy exclusively, a distinction between a centrosymmetric structure

and a structure with an overall ground state polarization would not be possible.
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i oo nm

Fig. 5.16 The polarization of the C218 domains measured in AEC

microscopy is in good correlation with that of SHG microscopy.

AFM measurements in the noncontact mode of the C218 dendrical domains are

presented in Figure 5.17 and the one in the contact mode in Figure 5.19. The

same observation as for transferred SNBD domains can be made: the structures

are distinguishable in topography and lateral force image modes. No contrast

differences can be measured between places with different polarizations, or in

other words, with different molecular orientations. The remaining of unorganized

organic molecules are detected between the dendrical domains in the friction

mode.This means once more that we have encountered a first order phase

transition.

The noncontact topography picture shows that the film thickness is d = 3.2 nm,

which corresponds exactly to the maximum molecular length. The conclusion of
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this measurement is that the molecules are perpendicularly onented to the

substrate plane The force field simulation, under the condition of a tilt angle of

0°, shows that a unit cell consisting of several molecules is possible It also

shows that the smaller intermolecular distance between the nitrogen atoms of the

N-group is about than 0 4 nm

i o nm

Fig 5 17 Non-contact image of a dendncal C21 8 domain

Height (nm)

20

Distance <nm)

Fig 5 18 The thickness of the domains corresponds exactly to the maximum

molecular length
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10 nm

LATERAL FORCE RIGHT LATERAL FORCE LEFT
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IO urn I o urn

Fig 5 19 Friction image of C218 dendncal structures The domains can be

easily destroyed with the AFM tip (horizontal line observable in the

friction images (B,C))

Figure 5 20 shows the transformation of monomolecular domains to an

amorphous structure The films are transferred at a surface pressure of between

40 mN/m and 50 mN/m (see C218 isotherm Chapter 4) It can neither be detected

in AEC nor SH microscopy The AFM technique also allows the observation of

the transformation of 2-dimensional structures into 3-dimensional

centrosymmetnc irregular domains (Fig 5 20A and B)
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20 |im

Fig 5 20 Phase transition between monomolecular dendncal domains to

three dimensional amorphous structures (B,C) An intermediate

state can be observed in (A)

5.3.4 Other Langmuir-Blodgett-films with large chromophores

It is difficult to transfer Langmuir films, in which the chromophore interaction

plays a major role, onto a solid substrate. The benzylidene molecular family

shows stable films on water, but does not produce a homogenous LB layer

Figure 5.21 shows simple bilayer deposition of ONBA (A, B), MNBAp (C, B)

and MNBAq (E,F) on hydrophilic (left images) and hydrophobic surfaces (right

images). The images are measured in the lateral force mode to allow the

detection of LB molecules (Chapter 5.1). The image shows that layer structures

are observed only for ONBA with a small surface coverage. The MNBA[_b film

shows mainly a bumpy structure.
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Fig 5 21 Lateral force images of ONBA, MNBAp, MNBAp on quartz (A, C,

E) and on silanized pyrex (B, D, F) (see text for details)
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5.4 Mixed Langmuir-Blodgett films

The main disadvantage of all LB-films is their instability in air. To improve this,

we mixed the NLO LB molecules with highly stable LB molecules. A small film

of water molecules deposits itself on the surface and is absorbed by the LB

molecules. Figures 5.22A and B present a 10 layer and a monolayer DCANP thin

film, respectively, kept in air for four weeks. The layer structures are still

observable, but large holes appear on both films.

200 nm

Fig. 5.22 AFM image recorded in topography mode of a DCANP monolayer

deposited on mica. The film is 7 days old.

There are two common methods used to stabilize LB film. One consists of

polymerizing the molecules (see VECANP, Tang 1992). The possibility of using

this method depends on the molecular configuration, which must allow for

intermolecular covalent bonds.

In the second technique, the layers are stabilized by mixing the investigated LB

molecules with others of small molecular area. The added material tries to fill the

"holes" in the molecular structure and increases the intermolecular attractive

forces (Ramesh 1994, Roberts 1990).

5.4.1 Docosylamino-nitropyridine / Cadmuim arachidic or

Arachidic acid

We first tried to mix exact quantities of arachidic acid molecules to the

DCANP/chloroform solution. The material was then spread onto a cadmium

ion/water subphase. This molecule was used because of the small size of the

chromophores and the highly stable films it can form.

Figures 5.24 and 5.25 present DCANP/CdA mixed films which are two weeks

old. The AFM images show that the stability of the film increases by increasing
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the quantity of arachidic acid molecules. Some holes still appear at a

concentration relation of 9/1 but not at a higher concentration of arachidic acid.

Image 5.24B shows that the molecular 2-dimensional unit cell is the same as for

the pure the DCANP film.
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Fig. 5.23 Isotherm of arachidic acid /DCANP mixed Langmuir monolayer on

the water surface for several molar ratios of arachidic acid.

The AFM image also shows that islands appear at a concentration proportion of

8/2 that become very rigid at 7/3 and 5/5. On the other hand, we must notice

(Kiipfer, 1995) that the second order susceptibility {d33, measured on a 10

multilayer thick film) decreased abruptly at a concentration ratio of 7/3. This

effect is probably the result of a tilt angle change. As we see in Chapter 4.1, the

y-type noncentrosymmetrical structure of DCANP arises from the tilt angle of

the LB molecules in the multilayer. Pure CdA films which show a 0° tilt angle
influence the DCANP structure at high concentration. The force field simulations

of pure DCANP have shown that an arrangement with 0° tilt angle has only a

slightly higher energy than the one with an angle of 45° observed for pure

DCANP. Already a small energy contribution of the added CdA molecules favor

the normal orientation of the chains.

Figure 5.27 presents DCANP / arachidic acid mixed films produced from a pure

water subphase. The films are two weeks old. It can be noted that as in the case of
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DCANP / CdA the proportion of holes decreases when the concentration of

arachidic acid is increased. However, no observable islands appear in the film.

I urn 2 nm

I (im

Fig. 5 24 DCANP/CdA mixed films in 8/2 (A, B) and 9/1 (C) molar ratio

(monolayer on mica)

The high resolution images show that the two LB molecules (DCANP, arachidic

acid) do not interact in the same unit cell. The molecules arrange themselves in

small zones where only one type is present (Fig 6.25). The large islands in case

of DCANP / CdA mixed films are formed because of the presence of the

cadmium ions, which are responsible for the stability of the CdA Langmuir film

The islands are very robust and can be removed completely with the AFM tip.

Figure 5.26 describes the model of the island. The model takes into account that

the inter-CdA layer force is higher than the chain-mica interaction.
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400 nm 400 nm

Fig 5 25 Islands appear in DCANP/CdA mixed films in 7/3 (A) and 9/1

(B,C) molar ratio (monolayer on mica) The bright islands can be

easily removed with the AFM tip (B,C) leading to dark holes

/ DCANP

JJJJJJJJA

ARACHIDIC ACID

I j II

cicicidcicicScScicicici

ftHftHHHHHHH

MJCA.

Fig 5 26 Model for islands in mixed DCANP/CdA films The minimum

energy configuration is reached when the two different molecules

are totally separated
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i nm

Fig 5 27 DCANP/Arachidic acid mixed film (monolayer on mica) with

following concentration relations A, 9/1, B, 8/2 and C, 7/3
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5.4.2 (Docosenyl)amino-nitropyridine/ Cadmium arachidic

It is problematic to transfer pure VECANP Langmuir film onto a solid substrate.

Figure 5.27 shows that a monolayer of 50% of arachidic acid molecules and 50%

of VECANP material can be deposited on mica sheet. The film is more than two

weeks old and some holes can still be observed. However, Image 5.28B shows

that the film is stable enough to allow molecular resolution.

2 nm

Fig. 5.28 VECANP/CdA mixed film in a 5/5 concentration ratio (monolayer
on mica).



Films deposited on a solid substrate 94

The theory of molecule repartition (no unit cell with both molecules types) of

DCANP mixed film can be applied to VECANP mixed film as well. The size of

the unit cell in Figure 5.27 B confirms that the molecules measured are not

arachidic acid. The 2-dimensional unit cell ((a,b, a) = (0.75 nm, 0.61 nm, 69°)) is

different from that of DCANP ((a, a) = (0.71 nm, 59°)).

It was shown in this chapter that the LB technique is an adaptable and low cost

method for fabricating thin films with crystalline structure. All LB molecules

with chromophore of small or moderate size presented here can be arranged to

form a crystalline 2-dimensional structure (DCANP, VECANP, SNBD,

Arachidic acid). The C218 with its long chromophore (length larger than the 1/3

of the whole molecule) makes crystalline domains with a noncentrosymmetrical
structure as well. However, the probability of obtaining a 2-dimensional stable

monolayer decreases with the increased length of the chromophore, which means

that the degree of the van der Waals interaction between the chains decreased and

the repulsive effect between chromophore increased.

Because of its hydrophobic, respectively hydrophilic sides, the monolayers could

be easily deposited on some solid substrates. As the SNBD and C218 films show,

a dynamic transfer effect process helps the deposition of the solid domains; a

minimum transfer velocity is required, under which the domains stay on the

water. It must be noted that in case of these two film types, no structure

modification during the transferred occurred.

It is easier to arrange defined chromophore with the LB technique than with the

molecular beam epitaxy method (MBE), because the LB molecules are firstly

arranged in a planar monolayer. A two dimensional structure could be

independently considered. The deposition is a second phase in the process that

could allow independent study of the compressing phase. In MBE, a

3-dimensional crystalline must be directly predicted.

This work also shows that the LB films deteriorate with time. Some films suffer

in the drying phase, during the time directly after the deposition (DCANP). The

solid domains of SNBD and C218 are degraded after several days due in this case

to the interaction with the water molecules contained in the air environment.

The AFM technique is a method that can distinguish solid LB domains from

molecules in amorphous phase. It cannot, however, contrast the different

molecular orientation in the domains, neither in friction nor in AC modes. High
resolution is possible on very stable film (DCANP, VECANP, Arachidic acid)

and is not reached on C218 and SNBD solid domains, which are probably pushed

by the AFM tip during the scanning.

The force field analysis is a good theoretical approach to understanding the

molecular interaction in Langmuir monolayer. It can predict the molecular

structure in case of chromophore of small length, like nitropyridine. An
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experimental starting point is, however, necessary to eliminate some of the states

with minimum energy.

This method was successful for DCANP and Arachidic acid, but showed its

limitations for more complex unit cells, like for SNBD or C218.

The LB film will probably remain in the coming years as a material for

theoretical study, where the interaction could be predicted. Its degradation

problems over the time make it unutilizable in the present configuration for any

industrial application. A method, probably of the self-assembly material science,

must be found to protect the external layers.
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6 The underwater atomic force microscope

6.1 Motivation

Since its invention in 1986 (Binnig 1986) the scanning force microscope has

been widely used for the investigation of many technological interfaces.

Measurement modes have been developed to track both attractive and repulsive
force interactions between the probing tip and the sample surface, and SFM

operation has been demonstrated in both gaseous and liquid environments as well

as under ultra-high vacuum (UHV) conditions (Weisenhorn 1989). In all these

experiments the substrate under investigation consisted of a solid or solid-like

sample with the sample surface being crystalline or amorphous, a surface with a

high elastic modulus compared to the cantilever spring constant kiever In fact, it

was found in biological and organic sample systems that there is some trade-off

between the surface elasticity and the cantilever spring constant which results in

compression and finally destruction of the sample surface whenever klever »

^sample- m °r<ter to investigate the intralayer force interactions and structures in a

floating Langmuir-Blodgett film that has non-linear optical properties, we set up

a scanning force microscope which can address the inspection of the liquid/air
interface.

Such a microscope may be designed with the probing cantilever approaching this

interface either from the top (air side) or from the bottom (water side). However,

the latter approach is more interesting for the following four reasons: First, it is

the hydrophilic headgroup of the LB monolayers which is always immersed in

the water subphase. The technological interest in such LB molecules stems from

the fact that these headgroups may be chemically modified to give the LB

molecule some optical or non-linear optical properties which are important in

optical applications such as wave-guide structures or filters (Allen, 1989).

Secondly, characterization of the floating Langmuir layers is equally performed
with far-field optical methods, which have already been set up on top of the LB

trough. In order to perform simultaneous investigations using both the

underwater force microscope and optical techniques, the approach as sketched in

Figure 6.1 was followed. Third, when approaching the liquid/air interface from

the air-side, strong capillary forces limit the force resolution and attract the

cantilever tip to the surface, as has already been demonstrated. Tip wetting would

be disastrous, resulting in disturbing or destroying the structure of the floating
LB film. Fourth, the resolution of the AFM is better in water, as the liquid
absorbs external perturbation noise.

The condition for the feasibility of an AFM working in the air-liquid interface is

as follows: the minimal force measurable with the force system must be smaller

than the intermolecular force in the LB floating film. It is known that the force

resolution of the AFM is in the order of 10"10 N (see Chapter 1). The

intermolecular interaction in LB film can be determined in an approximation by
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considering firstly the surface energy g which is in the case of LB film in the

order of 100 mJ/m2 (Robert 1989). By assuming that the interaction is of the van

der Waals type and the surface per molecule between 0.2 and 0.5 nm"2, the force

lies between 10"9 and 10"" N. This rough calculation shows that this underwater

AFM must work for stable LB films.

A second approximation shows that the monolayer can bend where it is touched

by the AFM tip (Fig. 6.1). The bending energy is given by (Israelachvili 1992)

A£ = —^(4,-A,,) (6.1)
2R

where kb ~ 7-10"20 J is the elastic bending, R the curvature, A j the surface area of

the bending film, and A u the film surface without deformation. It is assumed in

this approximation that the film follows the surface of the AFM tip exactly. In the

case of a spherical clout,

A{ = 2nrh and An - nh{2r-h) (6.2)

where h is the penetration depth. The total energy difference is given by

A£ = -^nh2 (6.3)
2RZ

and the corresponding force by

kh
—.Tth

. (6.4)
R

A force of 10"10 N moves the film by about 50 nm. It must be noted that this

calculation does not take into account the water molecules, which stabilize the

end groups of the chromophore and make the film more rigid.

iwuiuiiui^ ^Y^iimmi

AFM TIP

Fig. 6.1 Elastic film bending produced by the AFM tip.
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6.2 The underwater atomic force microscope head

Figures 6.2 and 6.3 present the setup of the underwater, or submarine scanning
force microscope (SAFM), as we call it. A freestanding SFM was mounted

upside down in order to approach the surface from the water side. Immersing the

cantilever in the water subphase first allows simultaneous optical investigations
from the top while secondly the tip exerts much lower forces to the sample
surface due to the reduced capillary interaction at the tip apex. It is therefore

possible to use cantilevers with very low force constants, i.e., k < 0.03 N/m.

The cantilever deflection is sensed by the beam deflection technique (Sarid

1991): a laser spot hits the backside of the cantilever by means of a mirror. The

reflected laser light is then focused onto a fourquadrant detector using a second

mirror and a small lens of 10 mm in diameter mounted on the AFM head base, in

front of the second adjustment mirror. The distance between the lens and the

AFM tip is equal the lens focal length. The tip dispersion image is also of the

same dimension at the lens plane as on the detector plane. Any deflection (either

bending or torsion) of the cantilever causes an output signal at the photodetector,

being at a first approximation, directly proportional to the applied force.

To avoid transmitting vibrations to the floating LB layer, all manipulations

(coarse approach, fine approach, and mirror adjustment) are remote controlled.

While the coarse and fine approach are performed with 3 DC motors, piezodriven
mirrors were designed to focus the laser beam onto the cantilever and

photodetector, respectively. Further technical details can be found in the

following text and in Annexe B.

For the microscope to be watertight, special care was taken to seal the piezo
scanner. As shown in Figure 6.2, a triple protection was applied using two rubber

joints and a top cover made from PARAFILM. The latter is ideal in having
both the desired hydrophobicity and the necessary elastic properties. Therefore,

neither scanning nor water agglomeration plays a great role, as found

experimentally.

The SAFM was mounted in a frame made of noncorrosive stainless steel having
a low expansion coefficient that fits into a commercial LB trough from

NIMA(Grunfeld 1993). It takes only 10 minutes to exchange this frame with

the standard container used for conventional dipping experiments of solid

substrates in LB experiments. All electrical feedtroughs are placed on the bottom

part of the SAFM frame and are therefore easily accessible. Image acquisition
and approach control is performed using a standard electronic control unit from

TOPOMETRIX. All electronic circuits were thus designed in order to meet the

given requirements.
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A.

Piezo ceramic

Langmuir film

&MSMm<mm/</</</„

Fig. 6.2 The underwater AFM head (A). The scanner used a piezo tube (B)
and the cantilever deflection is measured by optical deflection

technique The laser beam is focused onto the cantilever (C) (see
text for details)
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Fig. 6.3 The AFM is integrated in a circular Nima trough so that optical
measurements could be performed from the upper side (A).The
laser beam is focused on the AFM cantilever (B- top view, C: 3D

view)

6.3 Piezoelectric motors

The necessity of controlling the adjustment of the AFM head without creating

vibrations does not allow the employment of manually operated screws.The

small space available (1 cm3) to place the laser adjustment mirrors and its driving

device, combined with the integration of the AFM under the LB trough and the

high precision needed do not allow the use of a DC motor system. In our case, the
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development of a piezo system to drive the rotation of the two mirrors has

imposed itself (Howald 1992, Eng 1996, Pohl 1988).

The system is based on the inertial stick-slip motion between two surfaces (Fig.

6.4A). It can be performed with a resolution of better than 10"6 rad. Figure 6.4B

and C presents the two angular (J-j) rotation device. The mirror is glued onto a

half-metal bowl (diameter 7 mm) on which rotation is provided by tangent

sliding friction of a sapphire sphere against the half- steel bowl. The steel bowl

touches the three sapphire spheres that are glued to the shear piezos on the inner

base, and the front and side faces of a cube, respectively. The base piezo is an

x-axis shear piezo, while the side face piezos consist of two both y- and z- shear

piezos that are mounted one upon the other. The combination of the different

piezo movements provides orthogonal rotations.

Fig. 6.4 J-j rotatory mirror driven by piezoelectric motors. Two shear piezos
are used for the rotation around the vertical axis, while three are

used for rotation around the horizontal axis (see text for details).

The shear piezos are excited by a sawtooth electrical wave form of 50-150 Vpp
(Figure 6.6A). The ramp signal is generated at a low voltage and amplified with a

device driven with a ±15 V power supply (Siefert 1994, Fig. 6.6B). The
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electronic device is explained in Annexe B. It causes a sawtooth-like rotation of

the sapphire bowls. During the slow ramp of the sawtooth (time t-\) the half bowl

follows the motion of the sapphire bowls (statical friction force regime). During
the steep decay (time *2)> inertial forces exceed the static force limit due to very

high acceleration (dynamical friction force regime). The sapphire bowls

therefore slide under the metal bowl during this phase and energy dissipation is

determined by the dynamic friction processes. The result is a net motion of the

support relative to its base.

Fig. 6.5 Stick-slip motion takes advantage of static and dynamic friction

properties between two surfaces. On the sticking curve (A) the two

surfaces stick together and perform a common displacement.
During the sliding part, one surface performed a very fast

movement that cannot be followed by the other surface. Repetition
of this sequence allows the displacement of one surface relative to

the other.

A mathematical formulation of the above statements can be written as follows:

U« Un
m, = Wlj = (6.5)

where tj and t2 arethe times of the step decay, Uq the maximum applied voltage
and mj and m2 the slope of the periodic function.

Together with Figure 6.5 we see that m-\ and m2 are the slow ramp and the steep

decay, respectively. As soon as rri2 drops under a certain threshold mc, a

transition from sliding to sticking occurs. The steep decay therefore has to be

achieved within a critical timeframe tc in order to prevent adhesion junctions
from being formed between the surfaces.
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The initial ramp signal (A) is amplified with high-voltage amplifier
driven with a ±15 V power supply (B).

6.4 Scanners and their calibration

The scanners are of piezotube type, which offers better resolution in horizontal

displacements than a tripod (Sarid 1991). Two scanners of different maximum

ranges have been built, one of 20 mm and the other of 24 mm length. Their

electrode lengths are 15 mm and 22 mm, respectively. Both piezotubes are made

of EBL 2, a material which presents smaller elongation but higher Curie

temperature then EBL 3.

The calibration process evolves in three phases. The z-elongation is firstly
determined using three-dimensional dots of 105 nm in height (Fig. 6.7).The

in-plane calibration is secondly measured by using optical grids with a line

spacing of 277 nm (Fig. 6.8). The scanner is finally calibrated in high resolution

with a mica sheet (Fig. 6.9).

The calibration values are presented in Table 9. The measurements show that the

calibrations in low and high resolutions are consistent. On the other hand, the

measured values are smaller by about 30% then the value theoretically
determined (Chen 1993). The difference probably comes from a demagnetization
of the piezotube. It must be further noted that the electrodes are much smaller

than the length of the tube, which could produce effects that are not taken in

account in the theoretical calculation.
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Fig. 6.7 Z-calibration using a surface with regular dots of 105 nm in height.
Line scan performed with our AFM head (above) and with a pre-

calibrated commercial scanner (below).
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Fig. 6.8 In plane calibration using an optical grid. The image is measured

with the scanner I.

TABLE 9. Scanner parameters

Scanner 1 Scanner 2

Material EBL2 EBL2

Length (mm) 20 24

Diameter (mm) 12.7 12.7

Electrode length 15 22

Maximum elongation in

the z-direction

600 nm 970 nm

Maximum scan range 590 nm 820 nm

Wall thickness (mm) 0.8 0.8

Maximum voltage (V) 440 440

d3r10-l2(rrvV) 173 173
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I 20 nm 2 nm

Fig 6.9 First measurements in water on gold deposited on silicon (A) and

on mica (B) The high resolution image on mica is used for

calibration of small elongations

6.5 Perturbation problems

The resolution of the air-water atomic force microscope depends directly on the

amplitude of the external perturbations. Two types of noise can be distinguished

in our system: electromagnetic and mechanical perturbations.

The following measures were taken to minimize the influence of the external

electromagnetic noise on the apparatus: all voltage amplifiers needed by the

mode-locked laser (for SHG microscopy), by the clean room climatization and

by the piezoelectric motors were disconnected during the SAFM experiments.

The current-voltage transformer was directly mounted behind the four-quadrant

detector. All cables were shielded, and the different components of the AFM

were separated. The topography scans measured on gold and mica in the water

environment (Fig. 6.9) show that the sensitivity of the self-made AFM head was

better than the commercial head sold by TOPOMETRIX.

Water surface waves played a major role in the resolution as well as the

manipulation of the AFM imaging at the air-water interface. To minimize the

amplitude of the water waves, the system was mechanically protected by

different means. The depth and the surface of the trough were reduced to the

minimum: the system at 1 mm deep and the film surface at a smaller area than 2

cm2 when the barriers were closed. The experiment was performed in a small

clean room, in which the air-flow was stopped during the measurements. The

whole AFM apparatus lay on a damped optical table.

The damping factor of water surface waves can be determined by using a formula

calculated and published by Biesel (Biesel 1949). The amplitude evolution of a
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water surface wave of initial magnitude 2A0, in the case of a small deep system

or large wavelength 2ah < 1 ), is given by

1A = 2AQeXp({—±
ih(2ah)y2 J J

with b = ajgh and a = 2(n/L). h is the trough depth, u the water viscosity

(uwater = 0.0124), g the gravity constant and L the wavelength. For a wavelength
of 2 cm and a depth of 1 mm we found

2A = 2AQexp(-200t). (6.6)

This function is presented in Figure 6.10. The amplitude is attenuated by a factor

2.109 after 0.1 s. It must be noted that the effect of the floating monolayer is not

taken in account in this calculation. Because of its high intermoiecular forces, the

Langmuir film increases the damping factor, especially with small wavelengths.

800.0

400.0

o.o

o.oo O.O I 0.02 0.03 0.04

«s)

Fig. 6.10 Slowest attenuation of water wave amplitude in our configuration
as a function of time. The initial test perturbation amplitude (at t =

0) was equal to 1 mm and the wavelength to 2 cm.
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6.6 Results

The first approach tests showed clearly that an AFM feedback at the air-water

interface is possible. In order to avoid perforating the floating monolayer and

also to avoid creating mechanical perturbation waves, the approach velocity was

very small, half-automatic and half-manual. For the same reasons, the feedback

operated at a frequency 10-100 times smaller than in the AFM measurements at

the air-solid or liquid-solid interfaces.

Figure 6.11 presents one of the first approach and retracting curves recorded on

Langmuir films. The molecules are of DCANP type, which has a second-order

phase transition. The following conclusions can be deduced from the curves. The

point where the end of the AFM tip touched the LB molecules can be clearly
determined (at about 300 nm). It is the same place on the approaching as on the

retracting curves, no translation effect can be determined. The water surface was

not perfectly stable and the tip followed the vertical movements of the

monolayer. The water waves were probably due to the large tip approach speed.
When AFM scanning measurements are being carried out, the tip must be

displaced vertically at a smaller distance than those presented on Figure 6.11. A

small adhesion effect is observed on the retracting curve. The first peak on the

approaching curve cannot be totally explained. It is probably due only to an

instrumental artifact, resulting from an electronic problem in the force-distance

spectroscopy process. The same curves are observed with a vertical tip velocity
between 0.1 and 10 ixm/s.

600
Distance (nm)

Fig. 6.11 AFM tip approach of the Langmuir film (DCANP) floating at the

air-solid interface. The tip (ic = 0.64 N/m) follows the surface

oscillations (approaching curve, dashed line, retracting curve, solid

line)
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The tip provided feedback for a period of some seconds until about 5 minutes. Its

stability and duration depended upon the quality of the Langmuir film, the

external noise, and the patience of the person who performed the measurements.

Force-distance measurements performed on the different Langmuir films were

recorded before trying to image the molecular structure, in order to study the

tip-floating film interaction and the feedback stability. Measurements of

arachidic acid and DCANP are presented in Figure 6.12 and of C218 and SNBD

in Figure 6.13.

All recorded force distance curves showed that all retracting and approaching
curves were parallel and quite similar in the repulsive region (see Chapter 1).

This effect is especially remarkable for measurement with a hard cantilever (k =

0.64 N/m) performed only in the repulsive region (Fig. 6.12D, F). This means

that the tip does not perforate the film and that feedback is possible.

Calibrated measurements (Fig. 6.12C, E) show that the Langmuir films are

broken by the AFM tip at a pressure of about 10'8 -10"9 N, depending on the. tip

geometry and the LB molecule measurements. This experimental value is a little

bit higher that the theoretically determined value (Formula 6.4). The difference is

due the fact that the calculated value does not take into account the influence of

water molecules in the subphase, which increased the LB molecule-LB molecule

interaction because of their dipole characteristics, as seen experimentally here.

Retracting curves of arachidic acid and DCANP show no observable adhesion

effect, what is not the case for SNBD or C218 floating monolayers, which both

present a large adhesion effect. This effect can be explained by the fact that

arachidic acid and DCANP films are more stable in the liquid subphase than

C218 and SNBD, due to their second-order transition character. Only one phase
is present and the film is ideally homogenous. C218 and SNBD do show,

however, a first-order phase transition in Langmuir films so that the monolayer is

not isomorph, and solid domain movements are possible. The tip-film repulsion
forces are also smaller and can penetrate much deeper in the film, which creates a

high adhesion effect observable on the retracting curves.
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Fig. 6.12 Force-distance curves measured at the solid-water (A, B gold) and

at the air-water interface (C,D DCANP; E,F' arachidic acid), with

cantilevers k = 0 03 N/m (A, C, E) and k = 0 64 N/m (B, D, F).
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Fig. 6.13 Force distance curve measured on floating C218 and SNBD films (k
= 0.64 N/m).

Approaching and retracting energy curves of an AFM tip related to a Langmuir

monolayer have been simulated. The film is represented by about 50 molecules

(C-|-|H24 and DCANP) having a minimized configuration (Fig. 6.14). The AFM

tip is modelled as a pyramidal Si3N4 tip approaching in steps of 0.5 and 1 A.

After each step, the energy is minimized and the energy value plotted to the

corresponding tip-sample distance (Fig. 6.15). It must be noted that the outermost

carbon atom remained fixed during the whole minimization.

AFM TIP

#

FILM

CHAINS

Fig. 6.14 The simulated AFM tip on a theoretical Langmuir film composed
only from hydrocarbon chains (polyethylene film).
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The calculations were executed with the Dreiding force field. The water

molecules were not taken into account, as the calculation would become too slow

otherwise.
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Fig. 6.15 Force distance simulation principles. After each tip step, a whole

film energy minimization procedure is performed.

Figure 6.16 presents the results for a polyethylene monolayer (above) and a

DCANP Langmuir film (below). The simulation shows clearly that the silicon

nitrite AFM tip cleaves the film and sinks between the LB molecules.

It must be noted that the repulsive region is dominant and that the adhesion effect

is almost unobservable. The configuration sometimes has problems reaching its

absolute minimum, a limitation of the available software.

However, the simulations show clearly that the adhesion effects between an

AFM tip and an organic film are not the results of a local microscopic interaction,

but rather a macroscopic phenomenon, which is not the case for the electrostatic

repulsive effect.
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Fig. 6.16 Force-distance simulation of a simple 12-chain (above) and of a

DCANP (below) monolayer with an AFM simulated tip.

As the force-distance curves show, only Langmuir films with a second-order

phase transition could be imaged by the underwater AFM at the air-water

interface; that means that SNBD and C218 could not be imaged. It must be

deduced that apparently only films in the solid or condensed phase can be

scanned.

The experimental scanning measurements confirmed the above hypothesis.

Figures 6.17 and 6.18 present AFM images of arachidic acid and DCANP

respectively, measured at the air-liquid interface. They were scanned in the

constant distance mode (very slow feedback) and the images display the sensor

or force signal (cantilever k = 0.64).
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2 5 nm

Fig 6 17 High resolution images of an floating arachidic acid film The raw

data are presented in A and B, the result after a 15% FFT filter in B

and C, and after a 75% FFT filter in D and E
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The different surfaces are scanned at different tip-velocities to prove that the

measured molecular structures are real and not due to external noise. Figure 6.17

shows high resolution images of arachidic acid (surface pressure: 30 mN/m), at a

scan frequency of 45 Hz (A, C, E) and of 60 Hz (B, D, F). The raw data are

presented in A and B, the results after a 15% FFT filter in B and C, and after a

75% FFT filter in D and E. The pictures show firstly that the structure sizes are

independent of the scan velocity which means that the structures are real. It can

be noted secondly that one unit cell parameter is equal to 0.45 ±0.05 nm, which is

consistent to the values determined experimentally using other methods.

i nm

Fig. 6.18 High resolution image of DCANP floating film (surface pressure 25

mN/m).

The high resolution images of floating DCANP film are more difficult to

interpret. They look quite different from the DCANP high resolution scan at the

air-solid interface. The DCANP chromophores show a significant roughness of

0.1-0.2 nm. As seen, the molecules arrange themselves along the direction given
from the top left to the bottom right.

We deduce from the above measurements that the underwater atomic force

microscope works well under some conditions, coming from the stability of the

floating film. It has also reached an initial goal of imaging film floating at the

air-liquid interface.
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The SAFM construction allowed the experimental demonstration that the

principle of the atomic force microscope could be applied at the air-liquid
interface, in the case of Langmuir films. The measurements proved what the

theory had predicted, that the attractive force between the molecules in a

monolayer (10"7-10"9) is larger than the minimum forces detectable by an AFM

cantilever (10"'°).

We showed here that an AFM tip could be stabilized in feedback for each

Langmuir film type, either with a first or a second order solid-liquid phase
transition. The floating monolayers in solid phase could be detected by the AFM

tip but not the molecules in liquid phase.

However, only the films which presented a second order solid-liquid phase
transition could be imaged by the SAFM systems at the air-liquid interface. A

perfect homogeneity is needed to scan the films without creating a horizontal

displacement of the solid domains. This condition is not observed in case of films

presenting a first order phase transition.

This chapter could be concluded by affirming that the resolution of the AFM is

the same at the air-liquid and liquid-solid interface. The AFM resolution (about

0.1 nm in the best cases), with the exception of the very special case of

macromolecules, does not allow the observation of the atoms in the molecules. It

is also very difficult to determine from a purely experimental perspective the

molecular orientation in a film.

A possibly interesting development of the SAFM would be to transform it into a

special SNOM, which uses the AFM tip as near field emitter. Such a very

sensitive system, as developed by Zenhauser et al. (Zenhauser 1995), could be

built without major transformations in the SAFM setup.

The floating Langmuir film is extremely flat so that no topography artifacts could

perturb the optic near field measurements. Also, the exact resolution of the

SNOM apparatus with such a system could be determined experimentally, which

was already theoretically estimated to be 10 nm (Pohl 1988) or smaller than 1

nm (Zenhauser 1995). This machine however remains in the stage of a prototype

that has tested the limits of the atomic force microscopy.
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7 Atomic force microscopy on organic crystals

7.1 Molecular crystals investigated

Crystal growth techniques are a second method of forming organic material with

high nonlinear optical susceptibilities. As in the LB film method, the organic

crystal fabrication technique allows the building of noncentrosymmetrical
structures of chromophores with long charge-transfer axes and large

hyperpolarizability (Tiller 1991, Rosenberg 1979, Hulliger 1994).

In contrast to LB-films, the molecule-molecule interaction in organic crystals are

no longer 2-dimensional, where the horizontally oriented interactions determine

the stability of the material, but are 3-dimensional. This implies that a crystal

package for a defined chromophore is more difficult to create than an LB

structure. However, because of the high intermolecular forces in the

three-dimensional unit cell, an organic crystal is more stable than a material

produced by thin film techniques. The growth of organic crystals offers other

advantages over LB-films such as the possibility to produce materials of large
dimensions. On the other hand, the LB technique is faster.

Crystal types which had already been studied by macroscopic optical techniques
were investigated with atomic force microscopy. Local parts of the material

could also be studied, without the whole crystal influencing the measurement.

The scanning force microscopy could produce images of growth and cleaved

surfaces, and allowed the observation of the influence of the air humidity on the

organic surfaces.

Two crystals were investigated: COANP (2-cyclooctylamino-5-nitropyridine)
and DAST (4-N,N-dimethylamino-4'-N'-methyl-stilbazolium tosylate). They are

well characterized and have particular structural characteristics. COANP is a

one-component crystal while DAST is a two-component crystal. In COANP, the

intermolecular interactions are of van der Waals and H-bounding type. DAST is

a salt, where ionic interactions dominate. Both of the crystal types present,

however, a layer structure, which is interesting in the case of AFM investigations

(Fig. 7.1).
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TABLE 10. The investigated crystals

COANP DAST

Interactions VdW, H-bond ionic

Components 1 2

Formula C13H19N3O2 C20H1SN2SO3

Melting point 70.9 °C 256 °C

Static polarization in plane in and out of plane

Space group symmetry Pca2, (Z=4) Cc (Z=4)

Unit cell a = 26.3 A

b = 6.7 A

c = 7.6 A

a = 10.4 A

b = 11.3A

c = 17.9A

13 = 92.2°

Nonlinear

optical

susceptibilities

d33 = (10±2)pm/V

d31 =(15±2)pm/V

at1064nm

d26 = 150pm/V

at 1542 nm

COANP is an amphiphilic molecule. The neutral part is formed by the octyl ring
and the polar part by the nitropyridine (Giinter 1987, Bosshard 1989). The crystal
is formed by growth from supercooled melt and has a Pca2| space group

symmetry. The unit cell contains by four identical molecules. The layer-layer
interaction is alternatively of a van der Waals type between the octyl rings and

probably of H-bond type between the nitropyridine groups. The latest interaction

hypothesis is deduced from theoretical force field calculations (Knopfle 1995).

The static polarization lies within the layers.

Stilbazolium and tosylate form the DAST crystal (Marder 1989, Yakymyshyn
1990, Perry 1991, Pan 1996). It is composed alternatively of layers of the first

and of the second molecules, respectively (Fig. 7.1). Stilbazolium is one of the

most efficient nonlinear optical chromophores and is the optically active part of

the material. The anion (tosylate) induces the noncentrosymmetrical macroscopic

crystal package. The DAST crystals are produced directly from the solution.
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COANP DAST

Polarization axis

rfC& r+C&

Fig 7 1 COANP and DAST crystal layer structures (A,B) and the

corresponding unit cells (C, D) The layer-layer interactions are of

van der Waals and H-bond types in COANP material, while the

ionic forces dominate rn DAST The polarization axis is calculated

by MOPAC.
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7.2 Tip-sample interaction

As already explained in Chapters 2 and 6, it is difficult to determine exactly
which physical value the AFM measures. It is interesting to determine the

potential that is in hiding behind the observed topography in the case of crystals.
It was shown in Chapter 5 that in the case of Langmuir-Blodgett film, the

tip-sample interaction is mainly of van der Waals type.

In organic crystals, the main interaction is not of a van der Waals type, as can be

deduced from the large measured tip-sample attractive minimum of the

approaching curve (Fig. 7.3). The force that was measured experimentally was of

the order of a micronewton, leading to the conclusion that it could only be,

because of it extreme high magnitude, of an electro-magnetic type {Donolato

1996, Butt 1991).

7.2.1 Conductive tip-charged layer interaction

The surfaces of organic crystals were measured in AFM modes with a conductive

tip (exception: high resolution measurements). The reason for this was to

minimize the effect of static electricity on the measurement. The conductive tip

always has the disadvantage of a radius much larger than the silicon nitrate tip

(about 100 nm against 20-50 nm), which is why the Si3N4-tips gave better results

in molecular resolution. In the following paragraphs, the grounded conductive

tip-uniform charged layer interaction will be calculated and applied to the cases

of COANP and DAST crystals. The force is calculated by the method of the

"mirror charge". The AFM tip is approximated by a metal ball of a radius R to

simplify the calculation. According to Figure 7.2 above, the mirror charges are

given by the following equations (Jackson 1982):

R R2
q' =-q\ and L' =

j-
. (7.1)

The different parameters are described in Figure 7.2 above. For homogenously

charged circular area,

dq = Inardr
. (7.2)

The whole system has axial symmetry around the straight line perpendicular to

the layer plane and intersecting the ball centre. The mirror charges are also

distributed homogenously in a circle in the metallic ball:

, , ,
R

a
R cos®

, ,_ _.

dq = -dq • -= -O • 2n r dr . (7.3)
L LQ

With r = Lqtan(#), equation 7.3 becomes

dq' = a 2ji • RLQ -i^rffl . (7.4)
cos&
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The electrical field induced by the homogenously charged plane is constant in the

whole space. The force can also be written as:

F = E Q'tot =

^T' Q'"» (7-5)

The total mirror charge is calculated through the integration

(7.6,
0

Q'tot = \dq> = a-2n *V-^
J cost}

with W
= LQ-tan^max)

It should be noticed that the equation (7.6) diverges for r -»°°. The reason is

that the charge in the circular area grows linearly with the radius r, but the mirror

charge decreases only with IIr.

In the case of a plane of finite dimension, the forces converge. For an AFM

application, the approximation r » R can be made. The mirror charges in

the conductive ball are then placed on a second sphere (Fig. 7.2 below) of radius

p =

Tl
(7-7)

For the case r » R
, Figure 7.2 below shows that the mirror charges are

almost placed on the axis Lq.

The Zi-field along the symmetry axis for a homogenously charged circular area is

given by:

zt0

( ,*

1
z

I
(7.8)

z +rmaxJ

For z = Lq with (7.6) and (7.8) the force is given by

2,

?--^{i>W^x-^)- a9)
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Fig. 7.2 The grounded conductive tip - uniform charged layer interaction is

calculated by the "mirror charge" technique.

Formula (7.9) can be applied to the DAST crystal. The surface charge was

calculated with the static polarization, which was determined theoretically by
MOPAC. The following result assumes that the crystal surface (A-B plane) was 5

mm x 5 mm, that it was ideally cleaved (the external layer having the same

dimension as the external surface) and that the internal local fields cancelled

themselves. Under those conditions for DAST, the tip-sample force was between

10'2 and 10"3 N. In the real case (Fig. 7.3) the force was measured between 10"5

and 10'6 N. This difference can be attributed to several reasons. Firstly, the

crystal was not ideally cleaved (Fig. 7.7 and 7.9) and the influence of the charges
of the other molecular layers was large. Secondly, a charge compensation effect

occurred, due to the large electrical field above the cleaved crystal. Dipole fields

of powder and water molecules of the environment cancelled a part of the electric

field.

A surface ionization effect was evoked by COANP crystals, although the static

polarization of the unit cell was parallel to the surface under investigation. This

effect was observable after the cleavage phase. A high attractive force interaction

between the AFM tip and both the crystal cleaved parts was seen, although the

intermolecular bonds were broken. This effect was noticed with the AFM too.
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The measured force was between 10'5 and 10"6 N. This ionization effect was

probably due to the fact that the static polarization of only one molecular layer is

no longer horizontal.

7.2.2 Experimental

The experimentally determined force-distance curves are presented in Figure 7.3.

The measurements were performed on cleaved crystal surfaces in an argon or air

environment.

The curves show firstly that DAST crystals are much harder than COANP

crystals. The retracting curves of COANP measurements show a higher adhesion

effect in spite of the small applied forces to the tip, which were induced by a

larger penetration of the AFM tip in the crystal. In the case of DAST, for a very

large applied force on the tip, the adhesion minimum (retracting curve) is on the

order of the attractive minimum (approaching curve). The greater hardness of

DAST over COANP is explained by the different intermolecular force types in

both crystals, ionic for DAST and van der Waals and H-bond for COANP.

The second point that could be noticed in the plots shown in Figure 7.3, is that

the adhesion effect is larger in air than in argon. The attractive minimum is,

however, of the same amplitude in both environments. Two theories could be

forwarded based upon these observations. The first one is deduced from the fact

that there is a thicker water film deposit on any surface in an air environment

than in an argon environment, depending on the humidity. The increased

adhesion effect based upon this first explanation is possibly due to the thicker

water film.

In the second theory, it can be assumed that the structure of cleaved surfaces

changes when they are in contact with a water film (see Chapter 7.6) and

becomes amorphous. The velocity of the deformation depends upon the number

of water molecules. The increased adhesion effect based upon this theory arises

from a larger surface deformation effect on the crystal surface in air.

It could be noted on all retracting curves that the AFM tip did not jump back to

the approaching curve value as predicted in Chapter 1, but the attractive force

decreased slowly to the zero potential. This effect is surely due to the fact that

molecules or whole crystal layers stick to the tip surface. An added dynamical
movement of crystal layers, which changes totally the second part of the

retracting curve must also be taken in account.

The last plot of Figure 7.3 shows a force-distance curve measured on an

amorphous unstable place of DAST. No attractive minimum is measured during

approach coming from the random orientations of the surface molecules, but the

adhesion minimum is deeper and the tip can easily penetrate amorphous material.
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Fig. 7.3 Force-Distance curves between a metallic grounded tip and cleaved

surfaces of the organic crystal (see text for details).
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7.3 Growth surfaces

All surfaces of COANP and DAST crystal, perpendicular to the unit cell axes

were observed by the atomic force microscope. Only the surfaces parallel to the

layer plane showed interesting phenomena whereas the other surfaces only

revealed a random roughness.

I O urn I o urn

Fig. 7.4 DAST growth surface. The vertical scale of the left image (0-250

nm) is about 15 times larger than that of the right scan (roughness
14 nm) The crystal surface is mainly flat (>90% area) (B), but in

some places some growth structures can be observed (A).

The growth surfaces of DAST are mainly flat (Fig. 7.3B). The measured crystals

were some weeks old so that the small growth structures were deformed by the

air humidity. The molecules are hard dipoles and the ones placed at the external

surface are easily dissolved by the small water film that deposited itself at an air

environment on the surfaces. It is possible that the H20 molecules form a new

structure equilibrium at the external layer, different from the unit cell described

in Figure 7.1 which is probably amorphous.

Figure 7.4A shows, however, some growth structures which are coming from a

random nucleation start. Such structures are macroscopically observable for all

DAST crystals.

COANP growth surfaces look quite different. Some steps perpendicular to the

c-axis are observable (Fig. 7.5A). The height is between 20 and 150 nm. They

arise from the fact that COANP crystal growth develops in a plate structure

perpendicular to the c-axis direction (Bosshard, Looser 1997). Figure 7.5B

shows, however, that no layer of molecular thickness is observable. This is due to

the same reason as for DAST, namely that the external surface is dissolved or

modified by the air humidity.
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Fig. 7.5 COANP growth surface. Some steps are observable along the c-axis

(A). They are, however, not of molecular size (B). Part (C)

represents the profile measured in the steps direction.

7.4 Cleaved surfaces

Because of the dissolution effect on the crystal growth surfaces, the crystalline
structures cannot be observed with the AFM on such areas. Due to the growth

technique, the rest of the amorphous solution (Fig. 7.6) stayed on the DAST

crystals' external surfaces and interfered with the measurements. These problems

could be resolved by cleaving the materials' pieces. The cleavage method allows

a better understanding of the air humidity effect on the crystal and permits the

observation of the crystal's internal defects, which are measurable to a resolution

of 50 nm.
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600 nm

Fig. 7.6 Remains of amorphous DAST solution formed during the drying

phase.

The cleavage of COANP crystal perpendicular to the a-axis of the unit cell was

straightforward. The intermonolayer forces being of van der Waals or H-bond

types, they can be easily broken. In DAST, the layer-layer interaction (c-axis) is

of an ionic type, so that it is more difficult to be cleaved than COANP. Several

attempts were necessary before achieving a good result.

Figures 7.7 and 7.8 present AFM scans of a COANP crystal in both contact (Fig.

7.7 right, 7.7 below and 7.8) and tapping mode (Fig. 7.7 left). It could be rapidly

observed that the resolution of the layer contours is better in the contact mode.

This is probably due to the softness of the COANP material. In the AC mode the

oscillating AFM tip penetrated inside the sample creating a large adhesion effect.

The measured layer thickness was approximately equal to 1.3 nm (Fig. 7.8). This

value corresponds to half a unit cell parameter in the A-direction or to a bilayer

thickness. One of the two intermonolayer bonds did not break. This result proves

that two types of forces interact alternatively between the COANP layers.

Because of their chemical structure, only H-bond and van der Waals forces can

interact between the crystal molecules. The results confirm also the force field

calculation that makes the hypothesis that the nitropyridine interaction in the

c-orientation is of the H-bond type and not of van der Waals type as between the

cyclooctyl-rings.

The AFM images showed no contrast difference between the COANP layers in

friction and modulated force mode, confirming once more that the AFM tip

-sample interaction is uniform, or in other words, that the measured surfaces are

made of same molecules in all investigated layers.
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Fig 7 7 COANP layers scanned in contact and tapping mode The layer
thickness was about 1 3 nm The layer contour was better defined in

contact mode
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Fig. 7.8 Determination of the layer thickness of COANP The topography

image is recorded in contact mode. The layer thickness corresponds
to the bimolecular distance.

Cleaved DAST crystal surfaces are presented in Figures 7.9 and 7.10. In

comparison with COANP, the ionic salt was imaged with a better resolution in

tapping mode than in contact modes, due to the hardness of the surface. The

vertical scale of the topography image of Figure 7.9 shows noise of larger

amplitude than that of Figure 7.10. The AFM scans showed clearly that a layer of

a sinuous border alternates periodically with layers of a straight border, implying

that wavy of two different molecules alternate. The layer thickness was equal to

0.42+0.02 nm, which corresponds to one quarter of the unit cell in the

c-direction. These results indicate that the layer of tosylate as well as the layer of

stilbazolium are observable in the AFM pictures.

This assumption is confirmed by the image recorded in the modulated force

mode (Figure 7.9 below left), which distinguishes surfaces of different hardness.

It can be noted that the contrast between the layers showing holes and the other
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layers is the same in the whole scan, whenever the AFM tip measurement is not

perturbed by too close steps.

TOPOGRAPHY CONTACT UVTERAL FORCE

500 nm 500 nm

MODULATED FORCE LATERAL FORCE

650 nm 650 nm

Fig. 7.9 DAST layers measured in contact modes. The layer thickness was

between 0.4 and 0.5 nm. The image recorded in the modulated

force mode demonstrates that two layers of different molecules

alternate in the crystal structure.

The layers with irregular contours disappeared continuously from the surface.

After some days, a new equilibrium formed and no structure could be

distinguished with the AFM. It can also be deduced once more that because of

their solubility in water, the layers presenting holes were made of stilbazolium

and the other of tosylate.
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It must be noted that the friction images of cleaved crystals of DAST and

COANP did not show any contrast between the different layers. Only the layer

limits were distinguishable. This shows that the friction coefficient measured in

AFM is not very sensitive to the polarization and to the hardness of a material.

The lateral force mode allows the differentiation of crystalline and amorphous

materials, but not of different crystalline structures.

300 nm

Height (nm)

Distance (|im>

Fig. 7.10 Determination of the DAST layer thickness. The above image is

recorded in a non-contact mode The layer thickness corresponds to

a monomolecular layer.

7.5 High resolution imaging of organic crystals

Molecular resolution was achieved on COANP crystals (Fig. 7.11). However the

results of DAST were not sensitive enough to draw any conclusion on the unit

cell parameters. The measurements were performed with a Si3N4 AFM tip with a

radius about 5 times smaller than the conductive tip.
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It must be noted that according to the conclusion of Chapter 7 4, the investigated
surface showed the cyclooctyl-nngs of the molecules and not the NLO part (Fig.

8.12) The images of Figure 7 11 present some straight lines spaced by 0.7±0 05

nm. The FFT filtered image showed a better 2-dimensional structure with the

dots representing the molecule The unit cell axes are also onented as in the plot

in Figure 7.11. The angle between the B- and C- axes is not exactly 90°, owing to

the calibration error of the scanner (±9%)

SENSOR RESPONSE LATERAL FORCE

wiis^^

2 5 nm 2 5 nm

TOPOGRAPHY LATERAL FORCE AFTER FILTER

5 nm

High resolution image of COANP The interline distance

corresponds to an inter-molecular distance (0 7 nm) The picture on

the lower right is filtered with a Fast Fourier Transformation at

15%.
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Fig 7 12 Unit cell COANP The intermolecular distances in the OBC plane
are equal to the unit cell dimension only one molecule being

present in each layer

7.6 Influence of humidity on the surface

As explained in the above paragraphs of this chapter, a small film of water

formed on the crystal surface when the materials stay in the open air These water

layers modified the crystal surface structures

Figures 7 13 and 7 14 present the surfaces of cleaved DAST and COANP after

staying about one week in contact with the air humidity It can be noticed that the

surface of the ionic crystal and that of the van der Waals crystal reacted

differently In DAST, some holes appeared (Fig 7 13 right) but the surface

stayed relatively flat The layer structure could still be distinguished (Fig 7 13

left)

By contrast, in COANP crystals the whole surface became deformed and no

structure could be observed (Fig 7 14)
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42 nm I o (xm

Fig 7 13 Cleaved surface of DAST after 240 hours in the air environment

Some holes appeared at the surface (B) The roughness of the

surface always corresponds to the layer thickness (A)

640 nm

Fig 7 14 COANP cleaved surface after 200 hours in air environment The

layer structure is no longer observable
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7.7 Static polarization of the organic crystal surfaces

The NLO organic crystals showed a high static polarization. A new AFM mode

was developed to record the in-plane and out-of-plane polarization of

ferroelectrics in real time (Abpanalp 1998, Eng 1997) and tested with anorganic

crystal.

Images of Figure 7.15 recorded in AC voltage mode do not show the static

polarization of the crystals, but probably the static electricity deposited by the

conductive tip. The three images per crystal type were recorded one after the

other over a period of about 6 minutes. They showed that the surface static

electricity moved after each scan.

These results prove that the effect measured in AC voltage mode is not directly
the surface polarization but a piezo effect which is large in the case of inorganic
ferroelectrics and very small in the case of insulating organic crystals.
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Fig 7 15 Out of plane measurements on DAST and COANP crystal The

three images of COANP (A,B C) and DAST (D FG) are measured

one after the other without pause The contrast changed after each

scan The images do not represent the local static polarization but

rather the static electricity deposited by the conductive AFM tip
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8 Atomic Force Microscopy on Polymers

Organic polymers have become an important class of nonlinear optical material.

They have been the subject of intense research, since they combine the nonlinear

optical properties of conjugated n-electron systems with the feasibility of

molecular engineering, creating new materials with appropriate optical, structural

and mechanical properties (Bosshard 1995, Chollet 1994).

The polymers investigated here were of the side-chain type (polyimide with

Disperse Red 1, Fig. 8.1). The chromophores were bound to a central carbon

chain. They were deposited on a glass substrate by the spin coating. The glass

temperature was about 120°C.The material was polarized by applying a high
electrical field across the material above the glass temperature and by cooling the

polymer by keeping the electric field constant.

Figure 8.2 shows the unpolarized polymer surface. The measurements were

performed in the contact mode with a conductive tip of spring constant 0.014

N/m. The image shows groups of polymer chains which crossed themselves. No

general orientation due to the spinning process can be observed. The random

distribution was probably due to the drying phase of the deposition process. No

differences were observed on AFM images of polarized polymer surfaces. This

could show that during the polarization process only the chromophores oriented

themselves while the whole chains stayed in the same place.

The AC voltage mode images did not present any contrast, probably due to the

same reason as for organic crystal (see Chapter 7).

The polymers were measured in high resolution, too. A silicon nitrite tip was

used for those measurements. Image 8.3 presents the results, which were straight
lines separated by a distance of 2+0.2 nm. This corresponded exactly to the

double diameter of the polymer chain. Only lateral force images showed the

structure. This effect can be explained by the stick-slip motion (Vansco 1996).
The stick-slip motion at the atomic level can be described in terms of a

phenomenological model that assumes that the tip motion is controlled by the

combination of a conservative, periodic tip-surface force and a non-conservative

spring force acting in the opposite direction to the relative motion of the tip with

respect to the sample surface.

/CH2CH3
N

X2H,CHOH

Fig. 8.1 Chemical structure of the chromophore Disperse Red 1.



139 Atomic Force Microscopy on Polymers

Fig 8 2

A u.m

Topography image measured of a surface of NLO polymers

deposited by the spin coating measured in the contact mode

LATERAL FORCE LEFT
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\
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Fig 8 3

A nm

High resolution of a NLO polymer surface measured in the constant

height mode No features were observed in the sensor and

topography image
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9 Conclusions

The conclusion of this dissertation can be split into two parts: first, the technical

feasibility and resolution limits of the self-made underwater atomic force

microscope and second, the quality and the fabrication of the different NLO

organic materials are discussed.

The underwater AFM was built to observe the molecular structure of films

floating at the air-water interface and to determine the molecular orientations.

This last goal was not totally reached.

It has been shown in this work that in spite of the complexity of the whole

problem regarding the small in-plane intermolecular interactions in the

monolayer, and also in spite of the highly possible noise, some Langmuir film

could be imaged in high resolution. It is, however, not possible to distinguish the

atoms of the molecules and so the chromophore orientation.

Langmuir films with a first order liquid-solid phase transition could not be

imaged. We deduced from this observation that the solid phase is not stable and

moves with the AFM tip around the liquid phase.

It is possible, however, to maintain the AFM cantilever in feedback in case of all

Langmuir films in solid state. The tip does not detect the molecules and

transperces the film only and always, when the monolayer is in liquid or gas

phases.

Force-distance spectroscopy was performed for both film formation types. An

adhesion effect is measurable in case of Langmuir film showing a first order

solid liquid phase transition. It explains once more that the domains stick to the

AFM tip and move with it. This effect is not observable for films with second

order solid-liquid phase transition.

The stability of the floating film is characterized by the maximum applied force

on the AFM tip, before the sensor crosses through the monolayer. The

measurements showed that generally a force larger than 10"8 N is needed to break

a Langmuir film at the air-water interface. This value is larger by a factor of

10-100 than the value predicted theoretically, and which does not take into

account the bonding effect due to the water molecules. The 2-dimensional

character of the LB film is the most important criteria for film stability.

An interesting development of the SAFM would be to transform it into a

confocal SNOM, which would use the AFM tip as near field emitter. The exact

resolution of the SNOM apparatus with such a system could also be determined

experimentally, the floating Langmuir film being extremely flat so that no

topography artifacts could perturb the optic near field measurement.

The intermolecular investigation of the different NLO organic materials showed

generally that molecular engineering and stable organic 3-dimensional NLO

body fabrication is a very complex and difficult technique, but a promising one.
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Physics has developed the methods and apparatus to measure and analyze
fabricated materials, now the physical properties of the chemical phenomena
need to be better understood. As seen in this dissertation and in previous works,

the simplest way to fabricate an organic second order NLO material is to build a

noncentrosymmetrical structure with in-plane growth. It is also possible to

separate the in-plane and the out-of-plane interactions and to control them

independently. The AFM is therefore the best instrument to investigate NLO

crystalline growth. Because of its capacity to determine the NLO crystalline

domain limits by measuring the topography or the friction locally on a surface,

the determination of the intermolecular in-plane forces is possible.

The goal of all organic techniques is to find an organization with determined

molecules that is very stable and shows large nonlinear susceptibilities. The main

problem is always how to predict the amplitude of the different forces in the

crystal itself. The theoretical method using force field parameters continues to be

the best solution, but cannot simulate the fabrication process. The same remark

can be made for LB films, where the stability depends upon the molecular

stability at the air water interface. In 1997, the experimental works still rely on

this method of determining if a NLO structure is possible or not.

As this dissertation has shown, the final goal can be reached by the three organic

techniques presented here and by other methods more chemically oriented, such

as self-assembly film formation or organic molecular beam epitaxy deposition

techniques. The future is probably directed toward the use of a combination of

two methods such as polymerization and LB film or MBE and self-assembly

film. The LB film deposition process is well controlled by the instrument

developed in our research group and presented here. The vertical and horizontal

interactions, as well as the formation of every domain, can be observed with the

methods presented in the Introduction. The 2-dimensional structure can be

simulated with force field parameters before the film is fabricated. The stability
of the molecules at the air-water interface can be increased by adding ions in the

subphase. The only problem that remains is the destruction of the film by air

humidity. This problem is not resolvable here, since the dissolving effect is

higher than the interlayer attractive force. The same problem exists for organic

crystals where the van der Waals forces are dominant: how to preserve the

external layers from dissolution? One answer is to find a protection layer. Once

more this problem can only be resolved by materia! chemical science, in which

crystalline layers are mixed with amorphous stabilized films.
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Annexe A: Force fields simulation of monolayer

The configurations of whole Langmuir monolayers and of single molecules have

been investigated by numerical computer techniques. The molecular

configurations (LB monolayer or the molecule alone) have furthermore been

investigated by force field simulation techniques. This method is more simple

than the complicated quantum mechanical calculations and takes into account all

interaction types, that is van der Waals, ionic, covalent and H-bond forces

(Higashino 1992).

To determine the monolayer minimum state, the following method has been

used: to increase the precision of the simulated result, a semi-empirical method

(MOPAC) is used to determine the configuration with minimum energy of only

one molecule. The force field is then applied to the fixed molecules: the position
of the molecules could change in the film, but not the positions of the atoms in

the molecules.

Three different force fields have been tested: MM2 (Allinger 1977), Universal

(Rappe 1997) and Dreiding (Mayo 1990). The first one is a simplified force field

which works only with a small number of molecules. Its simplification has the

advantage of decreased calculation time in comparison to the other force fields

involving more complicated molecule force parameters.
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TABLE 11. The energy terms for the two configurations above of

polyethylene.

Energy
(kJ/mol) Configuration left Configuration right

Stretch 18.6 18.7

Bend 37.9 36.3

Strech-Bend 6.9 6.8

Torsion 1.6 1.5

Non-1,4VdW -803 -776

1,4 VdW 260 270

Total Energy -477 -442

Films made of only hydrocarbon chains (polyethylene films) were firstly
simulated to test the method. The chain-chain interactions were simulated with

the MM2 force field because of the speed of the calculation. Two minimum

energy states predominated: one with one molecular orientation, and another one

with two molecular directions, one perpendicular to the other (Fig. A.l). The

second configuration is the real structure of polyethylene, measured by x-ray

diffraction technique. The structure with all molecules oriented parallel presents,

however, a smaller energy according to the simulation (Table 11). The same

result is obtained with the other force field-type (Dreiding and Universal). It

could be noted that the edge effect has no influence (Fig. A.2), the parallel
structure being always smaller than the perpendicular structure. This shows that

the calculated results always need an experimental parameter to define which

structure is real.

The calculated unit cell for polyethylene is in good agreement with the

experimental data. The next step is to attach a chromophore to the chain and to

observe the modification in the film molecular structure and how the minimum

energy states change. This simulation has been made for DCANP and C218 in

Chapter 4. It is the Dreiding force field that is used, because of its better result

with optical chromophores {Knopfle 1995).
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Annexe B: Piezoelectric motor electronic circuits

This chapter gives a detailed description how to set-up the electronic circuits and

how they work. First, the generation of the ramp signal will be discussed. It is

shown how the duration, slope and repetition rate of a saw-tooth pulse can be

changed and adapted to the individual stick-slip device. Next, the high-voltage
(HV) amplification of the ramp signal is presented. The most outstanding feature

of this circuitry is that it will be driven with a ±15 V power supply only. The

drawback of this concept, however, is its high pass characteristic which allows

no static deflection of a piezo.

Ramp generation

Figure B.l presents the electronic schema of the saw-tooth generator. Generation

of a ramp signal is provided by Amplifier A3 integrating the pre-set voltage over

the feedback capacitor CU for a specified time.

The circuit is split into four sections:

A. the function generator that controls the repetition rate of the ramp pulses,

B. the reference voltage section that creates a noise-free and stable DC voltage
for integration,

C. the time base controller that opens the gate for integration for a specified time,

D. the integrator amplifier itself.

The function generator (Fig. B.l A) consists of an XR-2206C integrated circuit

from EXAR capable of producing high quality sine, triangle, square-wave,

ramp, and pulse wave forms of high stability and accuracy. Frequency of

operation can be selected externally over a range of 0.01 Hz to more than 1 MHz.

The XR-2206C provides a trigger pulse that gates the time base module

MC14538B. Trigger pulses are generated with a repetition rate/,- that is set

externally choosing appropriate values for CVRV and R^\ respectively, since

f'°\ = c^R'O (IU)

The output of the XR-2206C has to be amplified to provide a +5V TTL signal

input for the MC14538B. The MC14538B (Fig. B.1C) is a dual, retriggerable
monostable multivibrator from MOTOROLA. It may be triggered from either

edge of the input pulse, and produces an accurate output pulse over a wide range

of widths, the duration of which is determined by the external timing components

C2 and R2 Every trigger pulse arriving from the XR-2206C creates a TTL signal

<7l at output pin 6 of the MC14538B as well as its transposed output U\ at pin 7.

Outputs 6 and 7 are capable of driving low-power TTL loads as is the DG202

containing 4 monolithic SPST CMOS analog switches from SILICONIX. Two

logic switches of the DG202 are installed in the inverting and non-inverting

inputs of amplifier A3 while a third one short-cuts the integrating capacitor C3
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(Fig. B.ID). Switch SI and switches S2/S3 are fed by the control signal U-\ and

t/j, respectively. Therefore, SI is closed whenever U-\ is high, while at the same

time, S2 and S3 remain opened. The voltage creates a current / = (Uref/R%)
that finally is integrated over C,. As soon as U-\ drops to zero, switches 52 and

S3 are closing while SI is opened. As a consequence both the input and the

output of amplifier A3 are set to ground potential.

The time constant t? = R-^Cj-40 \is is much smaller than the slope of the

desired saw-tooth pulse. This is important for the output voltage of amplifier A3

may linearly increase with time.

A smooth and proper ramp output is obtained when the input potential to the

integrator is stable and noise free. Therefore, a positive reference voltage 1/ ,

can be set via the circuit shown in Fig. B.1B that is applied to the input of the

logic switch SI. Finally, the output of A3 is buffered with the follower A4

providing an output ramp signal U2 that delivers enough current to drive the HV

amplifiers.

Figure B.2. schematically depicts the time sequence of (A) the trigger pulse, (B)

the TTL logic control signal, and (C) the ramp output wave form. As seen, r. and

t2 = ^2^2' *e Pu'se anc* contro' signal duration, respectively, are always
smaller or equal to x in order to provide proper operation of the ramp generator.

Please note that t* and t2 may have a completely different time base.
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Fig. B.l The electronic circuit that creates the sawtooth wave forms is

divided into four sections: (A) the function generator that controls

the repetition rate of the ramp pulses, (B) the reference voltage
section that creates a noise-free and DC voltage for integration, (C)
the time base controller that opens the gate for integration for a

specified time, and (D) the integrator amplifier itself.
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Fig. B.2 Schematic representation of the time sequence of (A) the trigger
pulse t/rj, (B) the TTL control signal U-\, and (C) the ramp output
wave form U2- As seen, both t-\ and t2* the pulse, and control signal
duration, respectively, are smaller than T in order to provide proper

operation of the ramp generator.

High-Voltage electronics

Figure B.3 shows the schematics of the HV amplifier. Amplification is based on

the transformation of the low-voltage high-current input signal into a

high-voltage low-current output signal by means of a special print-transformer.
Therefore, no high-voltage power supply is needed. Inductive coupling via the

transformer, however, is possible for AC-signals only, not allowing a DC input to

be amplified.

The ramp input first passes the differential amplifier A5 (OPA 541 from Burr

Brown) providing a current of ~1 A at a ±15V potential. This operational
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amplifier is limited in bandwidth to/< 100 kHz in order not to apply too much

high frequency noise to the transformer. Condensers C. and Cg offer a high

enough capacity to buffer the primary coil of the amplifier. The transformer

finally amplifies the driving potential of +15V in the primary coil to

approximately +800V in the secondary coil. The secondary coil provides a

floating output that may be set to any desired potential (including ground, Fig.

B.3).

Dissipation of the HV output is provided via the RC section built-up from

resistance R. and the capacitive load Cioad- Choosing R. to be some 5 kQ offers

a broad bandwidth even for higher capacitive loads.
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Fig. B.3 High-voltage amplification with a ±15V power supply is realized

by inductively transforming the primary ramp input into a high
potential (±800V) output signal.

Performance

Figure 7.6 illustrates the performance of both the ramp generator and the HV

amplifier. As seen, a very sharp saw-tooth signal is generated providing a

slew-rate during the slip-cycle of -20 kV/s (Fig. 7.6A). When amplified (Fig.

7.6B) the output swing during the slip-motion exceeds 1 MV/s. While the
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sticking curve (0 < / < 2.8 ms) looks the same for both the low voltage ramp

output and the HV amplifier, a pronounced difference is seen in the sliding part

(2.8 ms < t < 4 ms): although the ramp output signal £/2 settles down from +5V to

0V within less than 1 /is the HV output f/2 hv vanisnes within approximately 1

ms, only. This is due to the effective (capacitive) load when recording this

measurement as well as the reversed induction when switching the ramp input £/2
to ground potential. The latter produces a significant undershooting which is seen

from Fig. 7.6B). Nevertheless, neither of the two effects causes any severe

problems due to the fact that all the devices are presented above work very

nicely.

As mentioned above, a transformer is suitable for the amplification of

AC-signals, only. It is very important to choose a transformer that still allows

good operation at the selected frequency fr. Optimal operation can be achieved

by matching the dimensions and numbers of primary and secondary coil as well

as experimentally testing the time constant/4 = R^C, . .
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Resume

La structure ainsi que les forces intermoieculaires de surface de materiaux

organiques montrant de hautes susceptibility optiques non-lineaires ont ete

etudiees par plusieurs m&hodes differentes.

La premiere partie de la these est consacree aux films de Langmuir et de

LangmuirJBlodgett (LB). lis sont definis respectivement comme des films d'une

seule couche moleculaire flottant a l'interface air-liquide et des films de plusieurs
couches deposfes sur un substrat solide. Des composants organiques possedant
de hautes hyperpolarisabilitds optiques sont attaches a des chatnes

d'hydrocarbones pour former les molecules LB. Leurs caracteristiques optiques
non-lineaires sont determinees experimentalement par la methode EFISH

(Electric-Field-Induced-Second-Harmonic-Generation) et theoriquement par une

methode de m&anique semi-quantique.

Les films flottants sur la surface liquide ainsi que les couches moleculaires

transferees sur un substrat ont ete etudies experimentalement par des methodes

de microscopie optique et a balayages.

Un microscope a effet de force specialement construit pour imager a haute

resolution des films de Langmuir flottants a l'interface air-liquide a i realise"

pour la premiere fois. Les mesures presentees dans ce travail montrent que la

pointe du microscope a force atomique (AFM) peut rester en "feedback" stable

pour chaque sorte de film Langmuir. Par contre, seuls des films presentant des

phases de transitions de second ordre peuvent etre images en haute resolution. La

resolution moleculaire de films flottant a l'interface air-liquide d'acide

arachidique ainsi que de nitropyridine est presente dans cette these.

Des films de Langmuir et de Langmuir-Blodgett avec de tres hauts coefficients

d'hyperpolarisabilite (derives de N-nitrostilbene) sont fabriques pour la premiere
fois et presentes. La structure des domaines macroscopiques ainsi que leur

formation ont ete etudiees par la microscopie optique d'absorption et de second

ordre. Des techniques de force (mesure de l'isotherme de la structure de deux

dimensions, microscopie a balayage) ont egalement ete utilisees.

La deuxieme partie de ce travail est composee de mesures AFM de cristaux

organiques montrant de hautes caracteristiques optiques non-lineaires

(2-cyclooctylamino-5-nitropyridine (COANP); 4-N,N-dimethyl-stilbazolium

tosylate (DAST)), particularites deja etudiees dans des travaux precedents. La

technique de microscopie a effet de force permet la determination de

phenomenes locaux, ce que ne reussissent pas les techniques d'optique classique.
Les surfaces originelles externes ainsi que les couches internes (les couches des

cristaux peuvent etre separees) ont ete mesurees par AFM. II a ete observe que

les couches externes des cristaux organiques, ou les forces de van der Waals

dominent, et dans une moindre mesure pour des cristaux ioniques, sont

totalement deformees et dissoutes par 1'humidite ambiante. Dans le cas de
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surfaces internes, la structure des couches monomoleculaires peut etre observee

et I'epaisseur determinee. Dans le cas du cristal DAST, les couches sont

composees altemativement de deux molecules diffeYentes, lesquelles peuvent

etre distinguees lors des balayages AFM. Les surfaces peuvent 6galement etre

imagees en haute resolution.

Les resultats de microscopie a effet de force presented ici permettent la

determination relative des forces intermoteculaires presentes dans des cristaux

organiques, ainsi que l'observation de la structure moleculaire, dont les

dimensions sont semblables aux mesures realisees par les techniques de rayons x.

Le dernier chapitre de la dissertation presente des resultats obtenus a l'aide du

microscope a force atomique de polymeres utilises en optique non-lineaire. Ce

materiel est suffisamment stable pour que sa topographie puisse Stre representee
en basse et haute resolution. Pas de difference n'a 6t6 observee entre des

polymeres polarises et non-polarises.
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