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Abstract

Third-order nonlinear optical properties of a number of polymers with m-electron conjugated structures have been investigated. For
several polymers large negative refractive nonlinearities measured at 800 nm are accompanied by large two-photon absorption
coefficients. Very strong nonlinear effects can be achieved in polymers showing linear absorption and absorption saturation effects at 800
nm, the examples of which are polyaniline (salt form) and poly(indenofluorenone). © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

A high density of delocalized electrons present in -
conjugated polymers leads to strong nonlinear optical
(NLO) properties of these materials. This paradigm has
been known for a relatively long time, but there has been
only limited progress in the understanding of the factors
determining the NLO response of various materials as well
as in determination of the suitability of such materials for
applications in photonics. In particular, the use of so-called
merit factors to evaluate the suitability of conjugated poly-
mers for use in optical switching has been advocated but
the availability of the relevant data in the literature is
rather scarce [1,2]. We survey in this paper some recent
results on NLO properties of various conjugated polymers.
In particular, we concentrate on the issue of the differences
in the behaviour of m-conjugated polymers in the regions
where the dominant loss mechanism is the two-photon
absorption and where the loss is due to one-photon absorp-
tion.
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2. Third-order NLO properties in the range of two-
photon absor ption

A substantial part of the experimental effort in the field
on m-conjugated NLO polymers was directed at those
polymers that have a good transparency in the wavelength
range of interest and can therefore be considered for
application in waveguide geometries. However, in most
cases, the transmission of short laser pulses in such poly-
mers is limited by the presence of nonlinear absorption:
two-photon absorption as well as higher order processes
that may involve three-photon absorption as well as ab-
sorption of light by two-photon induced excited states. The
relevant parameter for the case of pure two-photon absorp-
tion is the so-called T merit factor, T= BA/Re(n,) =
471m(n,)/Re(n,) where n, is the (complex) nonlinear
refractive index, B is the two-photon absorption coeffi-
cient and A is the wavelength. It is important that investi-
gations of third-order NLO properties of conjugated poly-
mers include the determination of both the real and imagi-
nary part of the third-order nonlinearity (expressed as n,
or as the degenerate third-order susceptibility
X(3)(— w,w,— w,w)).

We have investigated third-order nonlinear effects in
severa different conjugated polymer structures, with the
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interest in both the fundamental structure—property rela-
tions and in merit factors determining the viability of such
materials for applications in photonic devices. The NLO
properties have been measured using mostly the techniques
of femtosecond degenerate four-wave mixing and of Z-
scan. We have found that combining these two techniques
one can obtain well reproducible results for the nonlinear
refractive index and the two-photon absorption coefficient
of the investigated polymers [3]. Among the materias
investigated by us, poly( p-phenylenevinylene) (PPV) [4]
and its derivatives appear to have interesting values of the
nonlinear refractive index (|n,| reaching 10~** cm? /W in
the case of unsubstituted PPV at 800 nm) [5,6] as deter-
mined by the degenerate four-wave mixing technique. In
the case of soluble PPV derivatives the refractive (real part
of n,) and absorptive (imaginary part of n,) contributions
to |n,| can be conveniently determined by the Z-scan
technique, performing measurements of open and closed
aperture Z-scans on solutions with varying concentrations
of the polymer [3,7,8].

Unfortunately, the use of Z-scan for the determination
of the NLO parameters of thin films is often quite difficult
because of the possibility of film damage and high sensi-
tivity of closed aperture Z-scans to film non-uniformities.
Therefore, one may need to employ alternative measure-
ment techniques capable of the determination of the refrac-
tive and absorptive nonlinearity. An example of such a
technique is the simultaneous measurement of phase-
matched and non-phase-matched degenerate four-wave
mixing signal [3,9] for different thicknesses (and/or con-
centrations of the NLO component in the case of NLO
composites) of the film deposited on a transparent sub-
strate of low nonlinearity (e.g., glass or silica). The super-
position of the DFWM signal from the substrate with the
signal from the thin film will lead to different behaviour
for the phase matched and non-phase-matched interactions:
the substrate contribution being important for the phase-
matched interaction, but (in the case of the nonlinearity of
the film being much bigger than the nonlinearity of the
substrate) negligible for the phase-mismatched interaction.
A convenient way of presenting the results of such a
study is in a form of a plot of Ipy/lpy sipsr VS (lnpw/
I rsuns )™ > where I, is the phase-matched DFWM
signal intensity, lypy IS the non-phase-matched signal
intensity and |y g 1S the intensity of the phase-matched
signal from the substrate without the nonlinear film. One
can show that the resulting plot should be a quadratic
curve with an equation of the form y=ax?+bx+1
Where X = (lNPM/Isubstr)l/zr y = IPM/lsubstr and b o
Re( x{2) /1 X&) I. Fig. 1 shows an example of such a plot
for a series of PPV composites [10].

The important conclusion from the results presented in
Fig. 1 is that the b parameter in the fit curve equation is
negative, implying a negative rea part of x©® for the
investigated PPV composites at 800 nm. This behaviour is
typical for many conjugated polymers, and in particular,
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Fig. 1. A plot of y=Clpy /ey sustr) VS X =Clnpy / Ipw,supsir) % for a
series of films of PPV /polyvinylpyrrolidone composites with different
thicknesses and PPV concentrations. The least-squares fit equation is
y=1.3629x% —1.7508 x + 1.

substituted PPV derivatives, investigated at 800 nm. Table
1 shows examples of data obtained for some polymers
investigated in our laboratory.

One notices that the refractive nonlinearity (the real part
of n,) is negative for some polymers but positive for
others and varies in a wide range of values. The presence
of two-photon absorption seems to be an important factor
determining the magnitude and sign of the real part of n,.
In general, all conjugated polymer materials investigated
by us that have high refractive nonlinearities at 800 nm are
also strong two-photon absorbers.

An interesting issue is that the strong two-photon ab-
sorption in these polymers may of interest on its own
because of possible applications of two-photon absorbing
materials [11-14], e.g., for 3-D information storage. One
notes that a two-photon absorption coefficient of g =8 X
1078 cm/W for unsubstituted PPV at 800 nm corresponds
to the two-photon absorption cross-section o, = hwB/N
=3x10"% cm* s (where % w is the photon energy and
N is the concentration of molecules) per repeat unit of the
polymer which is arelatively high value if one compares it
with other two-photon absorbers [11-14] taking into ac-
count the relative two-photon absorption strengths ex-
pressed by o,/M values (M being the molecular weight)
rather than just the two-photon cross-sections.

Very high effective nonlinearities can be achieved in
some r-conjugated polymers under the conditions of one-
photon resonances. Usually, interest in these nonlinearities
is limited because the high one-photon absorption may
make them unsuitable for use in waveguide devices. How-
ever, there may be cases where the high absorption is not
an obstacle and then the nonlinearities related to one-pho-
ton absorption may be of practical importance. We have
investigated in some detail two conjugated polymers that
absorb strongly at 800 nm: polyaniline (in several different
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forms) [15—-17] and polyindenofluorene [8,18]. Not unex-
pectedly, we find that high nonlinearities in these materials
result mostly from absorption saturation effects. In the case
of polyaniline, the salt form absorbs strongly at 800 nm.
Z-scan and pump-probe experiments [15-17] show clearly
that the main nonlinear effect is the absorption bleaching.
Within the investigated range of experimental parameters
we have found that the bleaching can be described by a
simple linear intensity dependence of the absorption coeffi-
cient on intensity, that is @ = ay— Bl where «, is the
absorption coefficient at zero light intensity and B is the
absorption bleaching coefficient. We have determined
Im(n,) = —4.4x 10" cm?/W for polyaniline sulphate
[3,16] which gives 8 =7 X 10~ cm /W for the bleaching
coefficient (extrapolated to pure polyaniline).
Poly(indenofluorene) (PIF) is another example of a
material showing strong absorption bleaching (absorption
saturation) [8,18,19]. In this polymer, however, the depen-

Table 1

dence of the absorption coefficient on light intensity can-
not be described by a simple linear relation. Thus, PIF
shows a strong non-Kerr behaviour. In effect, the nonlin-
earity calculated from linear dependencies would be inten-
sity-dependent itself. Surprisingly, the absorption satura-
tion in PIF was found to be relatively well described by an
empirical formula: a = ay(1/(1 + (1/14)%%) where |,
is the saturation intensity (the intensity at which the ab-
sorption coefficient decreases to half of its low intensity
value) [18].

An interesting feature of both polyaniline and poly(in-
denofluorenone) is that the changes of absorption exhibit
relatively short lifetimes, on the order of a few picosec-
onds. This feature makes these materials attractive when
compared to, e.g., semiconductors with strong resonant
nonlinearities but long carrier lifetimes. An interesting
guestion is whether the absorption saturation in conjugated
polymers can be described in terms of a standard two-level

Selected experimental results of the determinations of the third-order nonlinearity for conjugated polymers with 100 fs pulses at 800 nm [3,5-8,17,20]

Polymer n, (cm’/W) B (c/W) Method Ref
r 7 Inol= 1x10"%1x10"" | Up to 8x10° | DFWM, [5,6]
N ( > \| power-
L _n dependent
transmission
- %S Re(ny)= -4x10"? 2.5-8x10° DFWM, [17],
"C}_\_ Kerr gate | unpubli
_O\CHJ _in
shed
- %o Re(ny)= -3x10" 1.8x107 Z-scan [3,8]
_ Q W
o]
. —n 12
[n|=1.8x10 DFWM
CH,
CH,
Re(np)=-0.6x10" | 4x10® Z-scan [3.8]
Re(np)=-1.1x10" | 4x10*® Z-scan [3,8]
Inol=1.1x107"? DFWM
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Table 1 (continued)
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Re(ny)=-2.2x10" | 4.4x10® Z-scan [3,8]
Ino]= 1.7x107"2 DFWM
Re(np)= Z-scan [8]
-0.158x10™ 4.6x10°®
-0.18x10™ 7.4x10°
-0.088x10™" 7.4x10°
Ing| = 4-7x10°" DFWM [20]
5x107 Z-scan
— . O— Re(ny)= 8.4 x10" 1.3x10™ Z-scan [7
O \ Ino=
s 0.7-13)x10™ DFWM
O _
— F ] | Re(ny)=8.3x10"° 1.0x10™" Z-scan [7]
O O \ in2|:
O (1.0-1.5)x10™ DFWM
L F |

model. A crucial parameter in this model is the coherence
time (T,). Our preliminary measurements for polyinde-
nofluorene indicate that T, may be relatively long in this
material, on the order of 100 fs.

3. Conclusions

Our studies indicate that, apart from the refractive
component of the third-order nonlinearity of conjugated
polymers, the absorptive (nonlinear absorption or absorp-
tion saturation) component may be of real interest on its
own. Studies directed at the optimization of two-photon
absorption in such materials and the utilization of this
property may therefore be of importance. In the case of
absorption saturation, the effects are even stronger and
conjugated polymers may be an attractive alternative for

other well-known types of saturable absorbers as, eg.,
semiconductors.
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