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Conjugated Polymers Oriented Organic Thin Films for
Nonlinear Optics

Ileana Rau
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Roberto Zamboni
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Preparation of oriented thin films of a series of soluble conjugated polymers and
characterization of linear and nonlinear optical properties is described and dis-
cussed. The orientation of polymer chains leads to an enhanced cubic suscepti-
bility, important for the targeted practical applications of these materials. The
refractive indices and the optical birefringence of thin films were determined using
the m-lines technique. The nonlinear optical properties were measured by optical
third harmonic generation technique and by picosecond z-scan method. The
figures of merit for the application of PPV-MDMO polymer in all optical switching
are derived. The kinetics of chemical degradation of a conjugated p electron poly-
mer was also studied and the degradation rate was measured.

Keywords: conjugated polymers; cubic susceptibility; oriented thin films; refractive
indices; third harmonic generation; z-scan

INTRODUCTION

The rapid development of telecommunications calls the role for broad
band and fast transmission systems. The heart of the photonic
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networks are optical switching elements which allows to manipulate
the signal (routing, modulation) transmission. At the present time
one uses either the direct light source modulation (laser diodes) or
electronic interfaces in order to transform an electric current (or elec-
tric field) modulation into the optical wave intensity modulation by
using the linear electro-optic effect. Such systems are frequency lim-
ited due to the bandwidth of electronic systems. Significantly larger
transmission band can be obtained by using purely optical switching
elements (intensity dependent refractive index, namely Kerr effect)
and taking advantage of the fast third-order nonlinear optical
susceptibility, which is enhanced in organic p electron conjugated
1D systems. Therefore a lot of effort was done, namely theoretical
modeling (quantum calculations), material synthesis and processing
as well as optical characterizations. More specifically, since the appli-
cations are targetted in waveguiding configuration, materials proces-
sable into good optical quality thin films with large third-order
NLO properties were specially addressed [1–4]. Optimising the macro-
scopic Kerr susceptibility is achieved in two steps: optimising the
microscopic susceptibility at the molecular level, and then optimising
the packing of molecules (or polymers) in order to exploit the enhance-
ment of cubic susceptibility in 1D conjugated systems by orienting
them in the same direction. Another very important point to address
is performance degradation with time, which is due to chemical –
and photodegradation, namely the often observed decrease of the
conjugation length induced by photoassisted oxidation.

In this paper we report results of a systematic study of linear and
nonlinear optical properties of several conjugated 1D p electron sys-
tems in view of their application in all optical systems. The studied
compounds were processed into thin films by solution cast technique
by spinning and drawing (soluble polymers), or in the case of smaller
molecules (C70, AlQ3, sexithiophene) by vacuum evaporation. The
molecular order was checked by linear optical dichroism and by mea-
suring the optical birefringence of the films. The nonlinear optical
properties were studied by the optical third harmonic generation
and by z-scan techniques in thin films.

PHYSICAL BACKGROUND AND QUANTIFICATION OF
DEVICE PERFORMANCES

Macroscopic and Microscopic Hyperpolarisabilities

The optical switches, mentioned in Introduction, are based on
change of refractive index of a given material with light intensity Ix

24 I. Rau et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

19
 2

2 
A

ug
us

t 2
01

2 



at frequency x:

nðxÞ ¼ n0 þ n2Ix ð1Þ

where n2 is the nonlinear index of refraction. This dependence follows
from the nonlinear dependence of the macroscopic polarisation P, writ-
ten in the laboratory reference frame (I, J, K), on the forcing electric
field strength E. For centrosymmetric systems, we are dealing with,
and in the frame of dipolar approximation it leads to (hereafter we
limit us to degenerate processes only):

PIðxÞ ¼ vð1ÞIJ ð�x; xÞEx
J þ vð3ÞIJKLð�x; x;�x;xÞEx

J Ex
KEx

L þ � � �
¼ v0ð1ÞIJ ð�x; xÞEJ ð2Þ

where vð1ÞIJ is IJ component of the linear susceptibility and vðnÞIJKL is the
IJKL component of the fourth rank tensor describing degenerate
third-order nonlinear optical effects. The electric field (optical, DC or
AC) dependent susceptibility v0ð1ÞIJ is given by

v0ð1ÞIJ ðE;xÞ ¼ vð1ÞIJ þ vð3ÞIJKLð�x; x;�x;xÞEx
KEx

L þ � � � ð3Þ

This leads to the intensity dependence of refractive index:

nIJðxÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ v0ð1ÞIJ

e0

s
ð4Þ

For isotropic systems and limiting the development (3) to two photon
absorption (TPA) only one gets

n2ðxÞ ¼
3vð3Þð�x; x;�x;xÞ

4e0cn2
0

ð5Þ

where c is the speed of light and n0 is defined in Eq. (1). In Eqs. (2) and
(3) the Einstein’s notation for summation is used.

Similarly, at the molecular (microscopic scale), the oscillating
dipole p(x) of molecule at frequency x depends on the applied electric
field E too. For a centrosymmetric molecule and within dipolar
approximation this may be written in the molecular frame (i, j, k)
as follows:

piðxÞ ¼ aijð�x; xÞExr
j þ cijklð�x; x;�x;xÞEx

j E
x
kE

x
l ð6Þ
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where Ex
i is the microscopic local field experienced by molecule. In

media with small optical anisotropy the local field Ex
i is related to

the macroscopic one by the Lorentz equation:

Ex
i ¼ f xEx

j ð7Þ

with

f x ¼ n2
x þ 2

3
ð8Þ

being the local field factor.
For practical applications important is the value of the nonlinear

index of refraction n2 or, in other words, the value of cubic suscepti-
bility vð3Þ (cf. Eq. (5)). For a single crystal and for noninteracting mole-
cules the linear and NLO susceptibilities can be obtained by
transforming the molecular hyperpolarizabilities from the molecular
reference frame to the laboratory system. For the cubic susceptibility
one gets in this way the following formula:

vð3ÞIJKLð�x; x;�x;xÞ ¼ Nðf xÞ4aiIajJakKalLcijklð�x; x;�x;xÞ ð9Þ

In this equation, N is the volumic concentration of molecules (or poly-
mer repeat units), aiI ¼ cos(i,I) are the projection factors (Wigner’s
rotation matrix elements) arising from the change of frame (i, j, k) !
(I, J, K). Just the macroscopic NLO susceptibility depends not only on
the molecular second hyperpolarizability value g, optimized by the
molecular engineering, but also on the way how the molecules arrange
between them to form a given material. This is optimized by the
material engineering approach.

For partly ordered systems, we are dealing with, Eq. (9) is not valid.
In that case the cubic suceptibility is given by the orientational aver-
age of molecular hyperpolarizability tensor components:

hvð3Þð�x; x;�x;xÞiIJKL ¼ Nhðf xÞ4cijklð�x; x;�x;xÞiIJKL ð10Þ

Equation (10) is very complex and its use requires the knowledge of all
components of second hyperpolarizability c as well as the orientation
distribution function of molecules. It becomes much simpler in the
case of conjugated in 1D polymers or molecules. In that case the cxxxx

tensor components in the p electron conjugation direction x is
enhanced and the others can be neglected with respect to this one.

26 I. Rau et al.
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In that case Eq. (10) reduces to a much simpler one:

hvð3Þð�x; x;�x;xÞiIJKL ¼ Nðf xÞ4cxxxxhcos4 HiIJKL ð11Þ

where H is the angle between the molecular axis (conjugation direc-
tion) and a chosen direction in the laboratory reference frame.

Thus the strategy for optimising the performances of devices,
directly connected to the magnitude of v(3) susceptibility consists on:

a) increasing the value of the molecular second hyperpolarizability
cð�x; x;�x;xÞ through molecular engineering, as already
mentioned. In conjugated p electron systems c depends strongly
on the conjugation length (Lc) and the dependence is given by the
scaling law [5]

cxxxx / La
c ð12Þ

where a ¼ 5�7 according to the theoretical calculations.
The scaling law (Eq. (12)) was tested experimentally and theore-

tically by studying the dependence of the hyperpolarizability c on
number of p electrons [6] or the number of conjugated bonds N [7]

cxxxx / NaN ð13Þ

Note that the conjugation length Lc does not extend on the whole
spatial extension of the oligomer or polymer (number of conjugated
bonds), with the consequence that aN < a. Depending on polymer it
saturates for some number of conjugated bonds [7].

It was found that for the conjugated in one dimension p electron
polymers [8]:

aN ¼ 3� 6:3 � theory, and

aN ¼ 2:3� 4:5 � experiment

b) increasing the volumic concentration N of active chromophores or
monomer units. This is achieved by material processing and the
increase is limited by the size of molecules, side groups, etc. In
the case of solid solutions of active NLO molecules their concen-
tration is limited by their aggregation, which leads to the unwanted
increase of propagation losses. In that case an increase of the chro-
mophore concentration may be obtained by covalently attaching
them on the polymer backbone.

c) optimising the configurational average hcos4 Hi (cf. Eq. (11)). This
can be achieved by orientation of molecules or polymer chains.
Depending on the amount of order hcos4 Hi takes values between

Organic Thin Films for Nonlinear Optics 27
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0.2 (isotropic distribution) and 1 (monoorientation):

hcos4 Hi ¼

1�MONOORIENTATION
3

8
� 2�D DISORDER

1

5
� 3�D DISORDER

8>>><
>>>:

It corresponds to the v(3) susceptibility variation by a factor of 5
between these two extreme cases and similarly for the nonlinear
index of refraction n2. Thus by simply orienting the polymer chains
(or 1D conjugated molecules) one can improve significantly the
device performances.

Figures of Merit

The applicability of a given material in all optical switching
devices depends not only on the value of the Kerr susceptibility
vð3Þð�x; x;�x;xÞ (or in other terms the value of nonlinear index of
refraction n2) but also on beam propagation losses. Two kinds of losses
are present:

i) linear, arising from linear absorption due to the presence of impu-
rities, light scattering on scattering centers (e.g. aggregates, crys-
tallites, etc), absorption by harmonics of vibronic. This one is
described by the linear absorption coefficient a(1).

ii) nonlinear absorption, arising from the multiphoton transitions to
excited states. In the presence of such an absorption the nonlinear
index of refraction is complex:

n2 ¼ nr
2 þ ij2 ð14Þ

where nr
2 is the real part and j2 is the extinction coefficient. In the

presence of higher order absorption than TPA both depend on the
light intensity. In order to realize an all optical switching device,
the material absorption (linear, TPA and=or higher order induced)
has to be weaker than the phase shift induced by Kerr effect, for a
given optical path length.

– For linear absorption, the first figure of merit (FOM) W has to
be larger than unity

W ¼ nr
2I

að1Þk
>> 1 ð15Þ

28 I. Rau et al.
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– For TPA (and or higher order) absorption the second figure of
merit T must be smaller than unity.

T ¼ 4pj2

nr
2

< 1 ð16Þ

Thus, in order to satisfy the above requirements it is necessary to have
materials with sufficiently large real part of nonlinear index of refrac-
tion nr

2, small nonlinear (two photon or higher orders) absorption and
good propagation properties (small a(1)).

The techniques used usually for fabrication of oriented thin films are:

. Langmuir – Blodgett techniques (2D order)

. Shear technique (solution growth) – used with topochemically poly-
merising polymers like polydiacetylene (PDA)

. Stretching (free standing films; films on stretchable substrate)

. Epitaxy (molecular epitaxy) – again working with topochemically
polymerising polymers like PDA or with small molecules.

MATERIALS

Polymers and Molecules

The following, soluble, p electron conjugated polymers were used in
this study, together with AlQ3, a – sextithiophene and fullerenes C70

used for vacuum deposition:

. Poly(2-methoxy-5-(30,70-dimethyloctyloxy)1,4 phenylenevinylene)
(PPV-MDMO)

. Poly(3-butyl thiophene) (PBT)

. Poly(3-octyl thiophene) (POT)

. Polyaniline (PANI)

The chemical structures of the studied polymers and molecules are
shown in Figure 1. PPV-MDMO is a commercial polymer, provided
by Aldrich, while the others were synthesized in the laboratory. The
polymers were dissolved in appropriate solvents (1,1,2-trichlorethane,
chlorobenzene or 1-methyl-2-pyrolidinone) and the solutions were
filtered with Millipore filters (1 mm). The substrates were carefully
cleaned using a strong detergent, ultrasounds, Millipore water and
annealing in an oven (350�C).

First the thin films were deposited by spinning. Only PPV-MDMO
and poly(3-alkyl thiophene) solutions adhere well to the substrate

Organic Thin Films for Nonlinear Optics 29
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and form good optical quality thin films. The spinning technique is
very frequently used in thin film fabrication for optical applications
and usually leads to either isotropic or partly ordered 2D thin films
with polymer chains oriented preferably parallel to the substrate (cf.
e.g. Koynov et al. [9]).

In order to obtain a 1 D orientation of polymer chains we decided to
take advantage of the hydrodynamic force when drawing a substrate
from polymer solution. This force could order the chains parallel to
the drawing direction. We have set up a drawing system allowing a
precise control of its speed. This technique is detailed in a former
paper [10].

FIGURE 1 Chemical structure of studied polymers and molecules.

30 I. Rau et al.
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Spectral Characterisation – Kinetic Study

An important problem encountered with conjugated molecules and
polymers is their chemical stability. The presence of oxygen can induce
chemical reactions leading to the decrease of conjugation length and
consequently decrease of nonlinear index of refraction, modifying
linear optical properties too. Also intense laser pulses may not only
favorize these chemical reactions through opening of conjugated bonds
via multiphoton absorption processes but also destroy molecules due to
the dielectric breakdown.

We have performed experiments which show that even changing
the film deposition technique (spin-coating ! drawing) affects the
stability. This was addressed for the poly-phenyl-vinylene derivative
(PPV-MDMO) thin films made by spinning and by drawing. The
absorption spectra, recorded in time, for spun films show a constant
decrease of the optical density with a systematic shift of the absorption
maximum wavelength towards shorter wavelengths. The decrease of
optical absorption is due to the chemical degradation of polymer
(decrease of the number of active species) and the shift is a fingerprint
of the shortening of the conjugation length (cf. Fig. 2) most likely
resulting from the backbone oxidation.

One can assume reasonably that this degradation can be described
by the first order kinetics law:

dc

dt
¼ �kc ð17Þ

FIGURE 2 Temporal variation of optical absorption spectra of a PPV-MDMO
spun film. The absorption below 350 nm is falsified by not well balanced con-
tributions from thin film substrate and from the glass reference.
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where c is the concentration of active species, t is time and k is the
degradation rate constant. Knowing that the optical density A is a
function of c (Lambert–Beer law), after integration, Eq. (17)
becomes

ln A ¼ �k tþ const ð18Þ

where A is the measured absorbance at time t. Figure 3 shows a
least square fit of Eq. (18) to experimental data for a thin film of
MDMO-PPV made by spinning method. A good agreement is
observed, showing that indeed the thin film degradation takes place
according to the first order kinetics law. It follows from it that for
this polymer the degradation rate constant k ¼ 9� 10�4 days�1

and the half time period t1=2 ¼ 770 days.
In the case of thin films of PPV-MDMO drawn from the polymer

solution the chemical degradation takes place in two steps (cf. Figs.
4, 5). In the first period of time (up to about 120 days) the optical den-
sity of these films decreases and can be more or less described by the
first order kinetic law, as in the case of spun films. Then it starts to
increase showing that most likely a reorientation of polymer chains
takes place, as it will be discussed later.

Evidently the chemical degradation process in thin film depends on
the thin film morphology, as expected, this one depending on the prep-
aration method.

FIGURE 3 The measured (squares) and fitted with first order kinetics law
(solid line) variation of optical density (in logarithmic scale) for a spun film
of PPV-MDMO.

32 I. Rau et al.
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Solution Drawn Thin Films

As it was discussed and shown in a preceding paper [10] the solution
drawn films are partly ordered with polymer chains preferably
oriented in the drawing direction. The amount of orientation was
described by the order parameter B defined as [10]:

B ¼
Ak � A?

Ak þ A?
ð19Þ

FIGURE 4 Temporal variation of optical absorption spectra of a solution
drawn thin film of PPV – MDMO. Other details as in Figure 2.

FIGURE 5 The measured (in logarithmic scale) variation of optical density
for a solution drawn thin film of PPV-MDMO.
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were A? and Ak are optical densities perpendicular and parallel to
the drawing direction, respectively. The B parameters between �0.24
(thin films of PPV-MDMO) and þ0.07 (thin films of poly(3-octyl
thiophene) were observed. The negative value of B means that chains
orient perpendicular to the drawing direction. With time the molecules
tend to disorganize them, but apparently, after certain time, they start
again to organize them (Fig. 6). This behaviour could be explained by
the fact that during the drawing process the polymer chains were
forced to align. Due to the degradation and most likely the shortening
of polymers the constraint created during drawing are released and
the polymer chains reorient. It coincides with the observed decrease
of the order parameter B, as it is seen in Figure 6.

LINEAR OPTICAL PROPERTIES AND PROPAGATION LOSSES

Refractive Indices

The knowledge of refractive index of materials used in the devices is
very important for different reasons. Most of these devices are optical
guides having a core and cladding. The extension of the electromag-
netic field outside the core (in the cladding) is directly connected with
the difference between the core and cladding refractive indices. The
larger is this value, the more confined in the core is the electro-
magnetic field. Optical coupling between two neighbour guides (and
switching between them) increases with the overlap of the electro-
magnetic field of mode(s) propagating in these guides. Moreover, the
transmission coefficient from one first guide to another following the

FIGURE 6 Temporal variation of the order parameter B for a solution drawn
thin film of PPV-MDMO.
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first is also connected with the overlap integral of the modes supported
by these guides. This overlap integral is mostly governed by the trans-
verse geometry and refractive indices of the constituents of the guide.

The refractive indices of thin films were determined by the m-lines
technique. In some cases the Fabry – Perot interferences as well as the
Kramers – Kroning relations were used. The last method allows to
determine the refractive indices within the absorption band where
the two former ones are not applicable.

The spinning technique leads usually to partially ordered in 2D thin
films with polymer chains oriented preferably parallel to the substrate
plane. A best way to check such an order is by measuring the optical
birefringence by checking the anisotropy of the index of refraction.
In order to do this we used the m-lines technique and we observed
in the case of PPV-MDMO and sexithiophene an important birefrin-
gence [10] while for the films of C70, AlQ3 (both made by vacuum evap-
oration technique) and PBT (spinning method), no birefringence is
observed, showing an isotropic distribution of molecules (C70, AlQ3)
or polymer chains (PBT, cf. Figs. 7–9).

FIGURE 7 Refractive index dispersion of a vacuum evaporated thin film of
C70 with thickness of 1660 nm as determined by the m-lines technique
(squares) and by Fabry–Perot interferences (triangles).
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Propagation Losses

In waveguides, the optical losses can easily appear since the propa-
gation length extends upon thousands of wavelengths. They can be
independent of light intensity and due to intrinsic absorption of the
active molecule. This absorption can be lowered by shortening the con-
jugation length, at the expense of cð�x; x;�x;xÞ magnitude.

The propagation losses were measured by imaging the scattered
intensity of a propagating mode in thin film. Scattering by itself con-
tributes to the losses. Its attenuation is thus measure of the travelling
beam attenuation due to both absorption and scattering. By this
method the losses of a perfect film (no absorption and no scattering)
cannot be measured.

Figure 10 shows a photograph of a guided mode in a PPV-MDMO
film at 830 nm as visualized by a CCD camera. The propagation losses,
derived from the attenuation of scattered intensity (cf. Fig. 11) are
equal to 0.6 dB=cm at this wavelength.

The linear absorption coefficient að1Þ in Eq. (15) contains not only
absorption senso stricto but also losses arising from scattering. It is

FIGURE 8 Refractive index dispersion of a vacuum evaporated thin film of
AlQ3 as determined by m-lines technique (triangles) and by Kramers–Kronig
relations (solid line). The dashed line shows the extinction coefficient.
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FIGURE 9 Refractive index dispersion of a vacuum evaporated thin film of
PBT as determined by m-lines technique and by Kramers–Kronig relations.

FIGURE 10 Image of guided mode with 830 nm wavelength propagating in a
spun 2500 nm thin film thick of MDMO-PPV film. 
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is linked to the propagation losses PL by the following relation:

að1Þ ¼ PL

10
lnð10Þ ð20Þ

where PL is expressed in usually used units (dB=cm) and að1Þ in cm�1.
For the studied PPV-MDMO film (PL ¼ 0.6 dB=cm) we obtain
að1Þ ¼ 0:14 cm�1.

NONLINEAR OPTICAL PROPERTIES

Nonlinear Index of Refraction and Two Photon Absorption

The nonlinear index of refraction was deduced from the Z-scan measure-
ments [11] by measuring the transmitted intensity with sample trans-
lated across the focal point of focussed laser beam (cf. Fig. 12). Due to
the nonlinear refraction the sample acts as a lens which is more effective
close to focus and moves the focal point of lens towards (n2 < 0) or
backwards (n2 > 0) increasing or decreasing the convergence of the pro-
pagating beam at a given plane after the focus. It results in an oscillation
of the transmitted intensity when an aperture is interposed between the
sample and the detector (cf. Fig. 12). If no aperture is interposed between
the sample and the detector there is no oscillation but only decrease of
the transmission due to the nonlinear absorption in the sample.

FIGURE 11 Linear fit (0.6 dB=cm) at k ¼ 830 nm of the experimental results
obtained for a film of PPV-MDMO on silica substrate. Other details as in
Figure 10.
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Figures 13a and 13b show the closed aperture (40% of the diaphragm
transmission) and the open aperture Z-scan spectra of a PPV-MDMO
film. In order to eliminate the influence of optical defects in the film the
spectra are normalized to that measured at the lowest fluence. These
should be intensity independent. All Z-scan measurements were done
at 1064.2 nm using a pulsed mode locked Nd:YAG laser with the following
characteristics: k ¼ 1 064 nm, beam waist ¼ 30mm and pulse duration
30 ps. In all cases the fluence dependence was measured in order to check
a possible damage to the sample at these beam energy levels. All reported
results were obtained working well below the damage levels.

In order to deduce the nonlinear extinction coefficient we checked
out the linearity of the variation of reciprocal transmission (open
aperture) versus intensity (cf. Fig. 14). It allows to determine the
two photon absorption coefficient, defined through the transmission
variation through a nonlinear medium.

@I

@z
¼ �að2ÞI2 ð21Þ

FIGURE 12 Schematic representation of the Z-scan method.
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FIGURE 13 Z-scan spectra of a spun 3000 nm thick PPV-MDMO film.
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where að2Þ is the two photon absorption coefficient, linked to the two
photon nonlinear extinction coefficient (cf. Eq. (14)) through the fol-
lowing relation:

að2Þ ¼ 4pj2

k
ð22Þ

For higher than two absorption processes the TPA coefficient að2Þ

depends on intensity. It follows from Eq. (21) that for a sample with
thickness l the inverse of transmission is given by:

1

TðtÞ ¼ 1þ að2ÞlIð0Þ ð23Þ

By fitting this dependence (cf. Fig. 14) one can determine the að2Þ

coefficient for a given sample and presently að2Þ ¼ 40 cm=GW for
the studied PPV-MDMO thin films. With relation (22) it gives
at k ¼ 1064.2 nm the corresponding j2 ¼ 3� 10�13 cm2=W.

Comparing the Z-spectra of PPV-MDMO film (Fig. 15) with those of
toluene – used as standard (cf. Fig. 16) we expected to have the extrema
of transmission at the position of arrows. The Z-scan spectrum begins by
a positive peak, which is in favour of a negative value for n2.

FIGURE 14 Intensity dependence of inverse of transmission for spun, 3 mm
thick, film of PPV-MDMO.
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FIGURE 15 Z-scan spectra of a 3 mm thick film of PPV-MDMO at different
fluences.

FIGURE 16 Z-scan spectrum for toluene used for calibration (n2 ¼ 0.82�
10�14 cm2=W).
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By comparison of the Z-scan signals of PPV-MDMO (cf. Fig. 17) with
those of toluene one obtains n2 of the order of 10�12 cm2=W. This value
is about two orders of magnitude larger than the used standard value
for calibration (n2(toluene) ¼ 0.82� 10�14cm2=W) [12].

Third Harmonic Generation Measurements

It is well known that the Z-scan technique doesn’t allow to discrimi-
nate between different contributions to nonlinear refraction such as
of practical interest fast electronic and much more slower thermal
dilatation effects. In order to determine the electronic part of cubic
susceptibility we used the optical third harmonic generation tech-
nique. The details are reported in the former paper [10]. Table 1 sum-
marizes the results obtained for thin films of different studied
compounds. The nonlinear index of refraction is derived from Eq. (4)
using for Kerr susceptibility vð3Þð�x; x;�x;xÞ the value obtained from
THG measurements at the same wavelength ðvð3Þð�3x; x;x;xÞÞ. This
is an approximation, which in part is justified by the fact that the two
photon resonances contribute in similar way to both susceptibilities at
the given wavelength [13]. We note that all studied conjugated poly-
mer films, together with vacuum evaporated films of sexithiophene
and C70, exhibit, within the above mentioned approximation, a

FIGURE 17 Fluence dependence of the Z-scan signals from a 3 mm thick
PPV-MDMO film (squares and dashed line) and from a 1 mm thick cell filled
with toluene (open circle and solid line).
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comparable nonlinear index of refraction n2 � 3� 10�13cm2=W. This
value is about one order of magnitude smaller for AlQ3 thin film. For
PPV-MDMO thin films, for which Z-scan determinations were also
done, the Z-scan value is about three times larger than that derived
from THG measurements.

CONCLUSIONS

In conclusion of the present study we may say that:

. The kinetic study for the MDMO-PPV films shows that their degra-
dation rate depends on film morphology, as expected. On the other
hand the film morphology depends on its preparation technique.
� the spun films degradation follows the first order kinetic law
� two steps degradation process, with an alteration of the degree of

order, takes place in the case of solution drawn thin films.
. Various conjugated materials (PPV-MDMO, PBT, a-6T) present

comparable optical nonlinearities, contrary to AlQ3, whose conju-
gation extension is significantly smaller.

. Films of good optical quality can be made by spin coating of PPV-
MDMO. These films exhibit also a 2D order in the substrate which
matches with TE polarization, a property interesting for device
applications.

. Z-scan technique and third harmonic generation (THG) are comp-
lementary for measuring optical nonlinearities since the former is
sensitive to all kind of contributions to n2, while THG is only sensi-
tive to electronic contributions. In the present case a rough
estimates gives n2(Z-scan) � 3n2(THG) in the case of PPV-MDMO
films. It’s a fairly good agreement.

TABLE 1 Cubic Susceptibility vð3Þð�3x; x;x;xÞ for Spun Films of Selected
Studied Polymers and Macromolecules Together with Thicknesses and
Refractive Indices at Fundamental and Harmonic Wavelengths as well as the
Nonlinear Index of Refraction Derived from THG Data

Polymer
Concentration

preparation
Thickness

(nm) nx n3x

vð3Þ

ð�3x; x;x;xÞ
10�19 ðm=VÞ

n2(x)
interfered from

v(3) 10�12

(cm2=W)

PPV-MDMO 25 g=L spinning 273 1.635 1.419 3.2� 0.3 0.25� 0.02
PBT 50 g=L spinning 333 1.694 1.436 4.4� 0.4 0.34� 0.03
AlQ3 evaporation 1550 1.675 1.793 0.31� 0.03 0.024� 0.003
C70 evaporation 1660 2.149 1.816 4.2� 0.4 0.32� 0.03
Sexi-Thiophene evaporation 160 1.969 1.506 3.2� 0.3 0.25� 0.03
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. We have calculated the figures of merit parameters T and W for
PPV-MDMO thin films. Using the parameters determined in this
study (nr

2 ¼ 10�12 cm2=W, j2 ¼ 3� 10�13 cm2=W, a(1) ¼ 0.14 cm�1)
one obtains T ¼ 3.8 and W >600 for beam intensity I >1 GW=cm2.
The relatively large value of T parameter is due to a large two pho-
ton absorption coefficient, which in thin films may be overestimated.
Indeed, in solution and at the same wavelength we have found the
b coefficient, extrapolated to bulk value, about four times smaller
than in thin films. It gives the T coefficient ca. 1 showing that
PPV-MDMO is potentially a good candidate for all optical switching
applications at 1064 nm, provided that a necessary effort is done in
thin film fabrication. It agrees with the measurement and conclu-
sions obtained by Koynov and coworkers [14] from nonlinear m-lines
study on another PPV derivative.
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