
Appl Phys B (2009) 97: 117–124
DOI 10.1007/s00340-009-3635-4

Studies on third-order nonlinear optical properties and reverse
saturable absorption in polythiophene/poly (methylmethacrylate)
composites

P. Poornesh · G. Umesh · P.K. Hegde ·
M.G. Manjunatha · K.B. Manjunatha · A.V. Adhikari

Received: 20 December 2008 / Revised version: 15 May 2009 / Published online: 21 July 2009
© Springer-Verlag 2009

Abstract We report here the studies on third-order nonlin-
ear optical properties of two novel polythiophene composite
films investigated using the Z-scan technique. The measure-
ments were carried out using a Q-switched, frequency dou-
bled Nd:YAG laser producing 7 nanosecond laser pulses at
532 nm. Z-scan results reveal that the composite films ex-
hibit self-defocusing nonlinearity. The real and imaginary
parts of the third-order nonlinear optical susceptibility were
of the order 10−12 esu. The effective excited-state absorp-
tion cross section was found to be larger than the ground
state absorption cross section, indicating that the operating
nonlinear mechanism is reverse saturable absorption (RSA).
The polythiophene composite films also exhibit good opti-
cal power limiting of the nanosecond laser pulses. The non-
linear optical parameters are found to increase on increas-
ing the strength of the electron-donor group, indicating the
dependence of χ(3) on the electron-donor/acceptor units of
polythiophenes.
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1 Introduction

Novel nonlinear optical materials exhibiting a large third-
order optical nonlinearity with ultra fast response time are
in great demand because of their potential applications in
three-dimensional optical data storage, two-photon fluores-
cence imaging, optical power limiting, optical modulation,
optical switching, optical signal reshaping, stabilizing fast
fluctuations of laser power, telecommunications, human eye
protection etc. [1–4]. In this regard, organic materials are
promising candidates because of the flexibility in tailoring
and making systematic structural modifications at the mole-
cular level. Among the organics, conjugated polymers have
received significant attention, due to the presence of a high
density of polarizable π -electrons along the polymer chain,
which results in large optical nonlinearities [5, 6]. Poly-
thiophenes, a very versatile class of conjugated polymers,
are currently of interest [7–9], due to the combination of
the intrinsically conducting properties and an asymmetric
charge distribution produced by the donor and acceptor sub-
stituents. It made them particularly useful in the fabrication
of ultrafast and highly efficient devices for optical commu-
nication and information processing [9].

In order to utilize these optically active organic com-
pounds for photonics based device applications, it is nec-
essary that they exhibit high optical quality with large and
stable optical nonlinearity in the solid state form. The major
concern with the organic conjugated polymers such as poly-
thiophenes, poly(p-phenylenevinylene) is with the fabrica-
tion of solid state optical devices and assembling the devices
into a system because of their poor processability [10–12].

mailto:poorneshp@gmail.com
mailto:#umesh52@gmail.com
mailto:poornesh.p@manipal.edu


118 P. Poornesh et al.

In this context, researchers have combined the materials ex-
hibiting large nonlinear optical coefficients into suitable host
forming composite materials possessing good optical qual-
ity [10–14].

Recently Cassano et al. [15] have shown that, by a proper
choice of the side chains in a series of dialkoxy substi-
tuted poly(P-pheneylenevinylene), it is possible to enhance
the third-order nonlinear optical coefficients, and they also
reported on a new strategy of tuning the linear and non-
linear optical coefficients of soluble derivatives of fluori-
nated poly(p-phenylenevinylene) copolymers based on the
effect of the simultaneous presence of electron-acceptor
and electron-donor substituted aromatic rings in the con-
jugated backbone [16]. Following the strategy reported by
Cassano et al. [16], here we report our efforts in tuning the
nonlinear optical properties of newly synthesized polythio-
phenes. We have designed the polythiophenes with an al-
ternating electron-donor-acceptor group arrangement along
the polymer backbone. These newly synthesized polythio-
phenes were then utilized to prepare the composite films by
blending with poly (methylmethacrylate).

In this article, we present the results of third-order non-
linear optical properties of poythiophene/PMMA compos-
ite films investigated by the Z-scan technique at 532 nm.
Optical power limiting measurements were also conducted
on the composite films, and measurements indicate that the
composite films exhibit a good optical power limiting of
nanosecond laser pulses based on reverse saturable absorp-
tion at the input wavelength used. We have also studied the
dependence of χ(3) on the electron-donor/acceptor units of
polythiophenes.

2 Experiments

To prepare the composite films, we have selected PMMA
has host material, because PMMA is hard, rigid and has a
glass transition temperature of 125°C [17]. It also exhibits
good linear optical transmittance, optical stability, thermal
stability and, moreover, better compatibility with organ-
ics [18, 19]. PMMA and polythiophene were dissolved in
THF separately and stirred well to form a uniform solu-
tion; next, both solutions were mixed together and stirred
for 8–10 hrs using a magnetic stirrer. The mixed solution
was poured into a petridish and kept for drying at room tem-
perature overnight. Then the sample was kept in an oven
at ∼70°C for 24 hours. The composite film of thickness
∼0.36 mm was obtained, which was used for Z-scan and
optical power limiting measurements. We also prepared the
composite films with different weight % of polythiophenes
in PMMA for the concentration dependence studies. The
synthesis and characterization of the polythiophenes used
in this study have been reported elsewhere [20]. Figure 1

Fig. 1 (a) Structure of PMMA. (b) Structure of the polythiophene
with R = C10H21 (PTH1), R = C12H25 (PTH2)

Fig. 2 UV-Visible absorption spectrum of the polythiophene PTH1,
PTH2 and pure PMMA film

shows the structure of PMMA and structure of the poly-
thiophenes investigated. The linear absorption spectra of the
polythiophenes shown in Fig. 2 were obtained at room tem-
perature by using the UV-Visible fiber optic spectrometer
(Model SD2000, Ocean Optics Inc.).

The single beam Z-scan technique [21–24] was used to
obtain the third-order nonlinear optical susceptibility of the
composite films. This technique allows for simultaneous
measurement of nonlinear refraction (NLR) and nonlinear
absorption (NLA). Basically, the technique relies on the fact
that the Gaussian beam is tightly focused, using a lens, on
the sample, and by translating the sample through the focus,
the change in the far-field intensity pattern with and without
aperture is monitored. Experiments were performed using
a Q-switched, frequency doubled Nd: YAG laser (Spectra-
Physics USA, Model-GCR170) producing 7 nanosecond
laser pulses (FWHM) at 532 nm and at a pulse repetition
rate of 10 Hz. The output of the laser beam had a nearly
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Gaussian intensity profile. The Gaussian laser beam was
focused by using a lens of 25 cm focal length. The laser
beam waist at the focused spot was estimated to be 18.9 µm
and the corresponding Rayleigh length is 2.11 mm. Thus
the sample thickness of 0.36 mm is less than the Rayleigh
length, hence the thin sample approximation is valid [21].
The Z-scan experiments were performed at an input inten-
sity of 1.195 GW/cm2. For the optical power limiting study,
the solid samples were kept at the focus of the laser beam.
By varying the input laser energy the change in the output
laser energy was observed using a Laser Probe Rj-7620 En-
ergy meter with two Pyroelectric detectors.

3 Results and discussions

The open-aperture Z-scan (i.e. without aperture in front of
the detector) was performed to measure the magnitude of
the nonlinear absorption coefficient βeff, of the composite
films, which is related to the imaginary part of third-order
optical susceptibility χ(3). Figures 3(a) and 4(a) show the
open-aperture Z-scan curve of the composites PTH1 and
PTH2, which is symmetric with respect to the focus, indicat-
ing intensity dependent absorption. This may include non-
linear optical processes like two-photon absorption (TPA),
excited-state absorption (ESA), free carrier absorption and

Fig. 3 Z-scan traces of (i) pure PMMA and (ii) PTH1 composite film
(0.25 wt%). (a) Open aperture. (b) Pure nonlinear refraction. The solid
line depicts a theoretical fit

reverse saturable absorption (RSA). Nonlinear absorption
of nanosecond pulses can be explained using the five level
model [12, 24–26] shown in Fig. 5. This includes ground
state So the first singlet state S1, the next higher excited sin-
glet state S2, the lower triplet state T1 and the next higher
triplet state T2. Each of these states contains a number of
vibrational levels. When two photons, of the same energy
or different energies, are simultaneously absorbed from the
ground state to a higher excited state (S1 ← S0), it is de-
noted as two-photon absorption (TPA). When excited-state
absorption (ESA) occurs, molecules are excited from an al-
ready excited state to a higher excited state (e.g. S2 ← S1

and/or (T2 ← T1)). For this to happen the population of
the excited states (S1 and/or T1) needs to be high, so that

Fig. 4 Z-scan traces of PTH2 composite film (0.25 wt%). (a) Open
aperture. (b) Pure nonlinear refraction. The solid line depicts a theoret-
ical fit

Fig. 5 Energy level diagram showing both two-photon absorption
(TPA) and excited-state absorption (ESA) (five level model)
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the probability of photon absorption from that state is high.
On the nanosecond time scale a singlet transition does not
deplete the population of S1 level appreciably, since atoms
excited to S2 decay to S1 itself within picoseconds. From
S1, electrons are transferred to T1 via intersystem crossing
(ISC), from where transitions to T2 occur. For our poly-
mer composites, the magnitude of the effective excited-
state absorption cross section was found to be of the or-
der 10−16 cm2, which is greater than the magnitude of
the ground state absorption cross section of the order to
10−17 cm2, indicating the nonlinear optical process is re-
versed saturable absorption (RSA). The triplet excited-state
absorption may result in RSA if the absorption cross-section
of the triplet excited state is greater than that of the sin-
glet excited state. With the excitation of laser pulses on the
nanosecond scale, which is true in our case, triplet-triplet
transitions are expected to make a significant contribution to
nonlinear absorption. Under the open-aperture Z-scan con-
dition, normalized transmission is given by [27]

T (z) = 1 − q0

2
√

2
for |q0| < 1 (1)

where q0 is a free factor, defined as

q0 = βeffIo(1 − exp−αL)

(1 + Z2/Z2
o)α

where L is the length of the sample, Io is the intensity of
the laser beam at the focus, and Zo is the Rayleigh range
of the lens. A fit of (1) to the open-aperture data yielded
a value of the nonlinear absorption coefficient βeff for the
polymer composite films. The effective excited-state absorp-
tion cross section (σex) was measured from the normalized
open-aperture Z-scan data [27–30]. It was assumed that the
molecular energy levels could be reduced to a three level
case to calculate σex. Molecules are optically exited from the
ground state to the singlet excited state, and from this state,
they relax either to the ground state or to the triplet state,
when exited-state absorption can occur from the triplet to
the higher triplet excited state. The change in the intensity of
the laser beam as it propagates through the sample is given
by

dI

dZ
= −αI − σexcN(t), (2)

dN

dt
= αI

�ω
, (3)

where I is the intensity, Z is the sample position, N is the
density of charges in the excited state, ω is the angular fre-
quency of the laser and α is linear absorption. By combining
(2) and (3), we have

dI

dZ
= −αI − σexcαI

�ω

∫ t

−∞
I (t ′) dt ′, (4)

Solving the above equation for the fluence and integrat-
ing over the spatial extent of the beam gives the normalized
energy transmission for open aperture and is given by [29]

T = ln

(
1 + q0

1 + x2

)/(
q0

1 + x2

)
, (5)

where x = z/zo, z is the distance of the sample from the
focus, zo is the Rayleigh length given by the formula Zo =
2πw2

o/λ (k is the wavelength and wo is the beam waist at
the focus) and q0 is given by the equation [30, 31]

q0 = σexcαFo(r = 0)Leff

2�ω
, (6)

where α is the linear absorption coefficient, Leff =
[1 − exp(−αL)]/α,ω is the angular frequency of the laser
and Fo is the on-axis fluence at the focus, which is related
to the incident energy Etotal by

Fo = 2Etotal

πω2
o

. (7)

The values of the effective excited-state absorption cross
section σexc, of the composite films were obtained by fitting
the open-aperture data using (4). The ground state absorp-
tion cross section σg was calculated using the relation

α = σgNaC, (8)

where Na is Avogadro’s number and C is the concentration
in mol/L.

The measured values of ground state and effective
excited-state absorption cross sections of the polymer com-
posites are given in Table 1. The larger values of σexc,
as compared to σg, indicate that the operating nonlinear
process is reverse saturable absorption (RSA) [27–30]. Fur-
ther, if the nonlinear mechanism belongs to simple two-
photon absorption, βeff should be a constant independent
of the on-axis input intensity Io [31, 32]. But the plot in

Table 1 Ground state absorption cross-section and effective excited-
state absorption cross-section of the polythiophene composite films

Sample Dopant conc. σg σexc

(wt%) (×10−17 cm2) (×10−16 cm2)

PTH1 0.25% 6.504 2.060

0.50% 3.791 2.375

0.75% 2.644 2.445

1.00% 2.029 2.511

PTH2 0.25% 7.968 2.273

0.50% 4.581 2.480

0.75% 3.369 2.506

1.00% 2.510 2.702
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Fig. 6 Nonlinear absorption coefficient (βeff) versus on-axis input in-
tensity Io of PTH1 and PTH2 composites films (0.25 wt%)

Fig. 6 shows that the value of βeff decreases on increas-
ing the on-axis input intensity Io, which is the consequence
of sequential two-photon absorption [33, 34]. With increas-
ing intensity, the total absorption of the polymer compos-
ites approaches asymptotically the absorbance of the triplet
state. Therefore, βeff will be reduced at least up to intensities
where no other intensity dependent processes are involved
which can further cause a reduction of the transmission of
the polymer. Similar trends were observed by Couris et al.
[33] and Bindhu et al. [34] for C60 and C70 in toluene so-
lutions, where they have been attributed to sequential two-
photon absorption via excited-state absorption (reverse sat-
urable absorption). For instance, Chen et al. [35] have also
observed a similar decrease in the effective intensity de-
pendent nonlinear absorption coefficient βeff on increasing
input intensities in case of tBu4PcTiO/polymer composites,
where they ascribe it to the possibility of high-order triple-
state transitions of the excited-state population. This indi-
cates the presence of higher-order effects to the observed
nonlinearity as mentioned in [36]. However, Hein et al. [37]
have also reported a decrease of βeff with increasing Io for
the thiophene oligomers, where they attributed to the satura-
tion of instantaneous two-photon absorption. The obtained
values of the excited state and ground state absorption cross
section of the polymer is comparable with the values ob-

tained by Henari et al. [30] for organometallic pththalocya-
nine.

To determine the sign and magnitude of nonlinear refrac-
tion, a closed aperture Z-scan was performed by placing an
aperture in front of the detector. Composite films exhibit
peak-valley characteristics, indicating negative nonlinear re-
fraction or a self-defocusing effect. The nonlinear refractive
index γ (m2/W) is given by the formula [21]

γ = 
φoλ

2πLeffIo

(
m2/W

)
, (9)

where 
φo is the on-axis phase change given by the equa-
tion


φo = 
Tp−v

0.406(1 − S)0.25
for |
φo| ≤ π, (10)

where 
Tp−v is the peak to valley transmittance difference
and S is the linear aperture transmittance, which is equal to
0.5 in our experiments.

The nonlinear refractive index n2 (in esu) is related to γ

(m2/W) by

n2 (esu) = (cno/40π)γ
(
m2/W

)
. (11)

Usually, the closed aperture Z-scan data also include the
contribution from nonlinear absorption; in order to extract
the pure nonlinear refraction part, we followed the division
method given in Sheik-Bahae et al. [20]. Figure 3(b) and
4(b) show the pure nonlinear refraction curve obtained by
the division method. The normalized transmittance for pure
nonlinear refraction is given by [21]

T (z) = 1 + 4x
φo

[(x2 + 9)(x2 + 1)] . (12)

To determine the contributions from the solid PMMA matrix
to the observed nonlinearity, we conducted a Z-scan experi-
ment on pure PMMA film (i.e. with 0 wt% dopant concen-
tration) and found a negligible contribution both for nonlin-
ear refraction and nonlinear absorption at the input energy
used. Therefore any contribution from a pure PMMA film
to the observed nonlinearity is negligible at the input inten-
sity used.

In π -conjugated polymers, electrons can move in large
molecular orbitals, which results from the linear superposi-
tion of the carbon Pz atomic orbitals, leading to a high χ(3),
which increases with the conjugation length [15]. The poly-
thiophenes studied here consists of alternating electron do-
nating and electron withdrawing groups in their chain. Here,
the thiophene ring grafted with alkoxy pendant at the 3, 4
position is an electron donating group and the 1, 3, 4 oxa-
diazole and pyridine are the electron withdrawing groups,
forming an donor-acceptor type of arrangement in the poly-
mer backbone which is essential to exhibit large third-order
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Table 2 Third-order nonlinear
optical coefficients of
polythiophene composite films

Sample Dopant conc. n2 β Reχ3 Imχ3

(wt%) (×10−10 esu) (cm/GW) (×10−12 esu) (×10−12 esu)

PTH1 0.25% −1.236 27.23 −1.473 0.492

0.50% −1.459 36.80 −1.740 0.661

0.75% −1.654 39.44 −1.958 0.710

1.00% −1.716 42.07 −2.046 0.759

PTH2 0.25% −1.516 31.42 −1.803 0.564

0.50% −1.649 40.05 −1.956 0.718

0.75% −1.789 44.05 −2.130 0.823

1.00% −2.075 47.80 −2.475 0.862

nonlinear optical properties. The substitution of the alkoxy
pendant not only enhances the delocalization π -electrons in
the polymer, but also acts as a solubilizing group. The third-
order nonlinearity in the polythiophenes arises due the pres-
ence of a high π -electron density along the polymer back-
bone, which is easily polarizable. The values of the nonlin-
ear absorption coefficient βeff, the nonlinear refractive in-
dex n2, and the real and the imaginary parts of the third-
order nonlinear optical susceptibility χ(3) of the polythio-
phene composites are given in Table 2. Among the two poly-
thiophenes investigated, PTH2 exhibits large nonlinear op-
tical properties compared to PTH1. This is because of the
strong electron donating ability of OC12H25 as compared to
OC10H21.

The value of n2, is nearly three orders of magnitude
larger than the n2 values of thiophene oligomers obtained
by Hein et al. [37]. The value of βeff, is comparable with
the value obtained by Cassano et al. [16]. The value of the
third-order nonlinear optical susceptibility χ(3) is compara-
ble with the value of poly(3-dodecyloxymethylthiophene),
which is 5 × 10−12 esu, obtained by Sasabe et al. [38] and
one order larger than the stilbazolium derivatives, a well-
known class of optical materials for photonics and biopho-
tonics applications [39, 40].

4 Optical power limiting studies

Optical power limiting has opened new opportunities for
their application in laser switching systems for protection
of eyes and optical sensitive devices from intense laser
beams [3, 41]. An ideal optical limiter is perfectly trans-
parent at light intensities below a threshold level, above
which the transmitted intensity remains clamped at a con-
stant value [2]. The nonlinear mechanisms that cause optical
limiting have different origins, such as two-photon absorp-
tion, free carrier absorption, reverse saturable absorption and
nonlinear scattering. The molecules exhibiting RSA gener-

ally have an extremely fast response time, since it involves
electronic transitions [24]. The best known reverse saturable
absorbers are fullerene (C60), porphyrin complexes and ph-
thalocyanines [2, 13, 24, 26–29]. Optical power limiting ex-
periments were performed by placing the composite poly-
mer films at the focus of the laser beam and by measur-
ing the transmitted energy for different input laser ener-
gies. Figure 7 shows the optical power limiting response
of the composite films PTH1 and PTH2. The clamping lev-
els of the composite film PTH1 were found to be ∼20 µJ,
∼16 µJ, ∼14 µJ and ∼12 µJ with a limiting threshold of
∼78 µJ, ∼60 µJ, ∼42 µJ, and ∼36 µJ, respectively at con-
centrations of 0.25%, 0.5%, 0.75% and 1.0%. The clamp-
ing levels of the composite film PTH2 were found to be
∼16 µJ, ∼12 µJ, ∼10 µJ and ∼8 µJ with a limiting thresh-
old of ∼50 µJ, ∼42 µJ, ∼36 µJ, and ∼30 µJ, respectively
at concentrations of 0.25%, 0.5%, 0.75% and 1.0%. The
clamping levels and the limiting threshold of the compos-
ite films decreased on increasing the concentration; this is
because the composite films with higher concentration pos-
sess more molecules per unit volume. Hence it will absorb
the harsh laser pulses more efficiently. Among the two com-
posite films, PTH2 exhibits good optical power limiting of
nanosecond laser pulses compared to PTH1. The variation is
due to the variation in conjugation length and the presence of
acceptor/donor groups in the molecule. We ascribe the opti-
cal power limiting of the composite films to RSA. Therefore,
the polythiophene composite films investigated here seem to
be a promising material for making optical power limiting
devices.

The concentration dependence of the nonlinear absorp-
tion coefficient, βeff, was also studied. Figure 8 shows the
plot of the nonlinear absorption βeff versus dopant concen-
tration. The measured values of the nonlinear absorption co-
efficient βeff increases with the concentration of PTH1 and
PTH2 in PMMA indicating that the contribution to nonlin-
ear absorption arises mainly from the nonlinear optical chro-
mophores PTH1 and PTH2.
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Fig. 7 Optical power limiting response of PTH1 and PTH2 composite
films with different wt% of polythiophene

Fig. 8 Concentration dependence of nonlinear absorption coeffi-
cient βeff

5 Conclusions

In summary, polymer blends of polythiophene/PMMA were
prepared and third-order nonlinear optical properties were
investigated using the nanosecond Z-scan technique. Z-scan
results indicate that the composites exhibit self-defocusing
nonlinearity. The real and imaginary parts of the third-order
nonlinear optical susceptibility were of the order 10−12 esu,
respectively. Large third-order nonlinear optical properties
in the polythiophenes arise due to the strong delocalization
of π -electrons along the polymer chain and increased on in-

creasing the strength of the electron-donor group, indicat-
ing the dependence of χ(3) on the donor/acceptor units of
polythiophenes. Optical power limiting measurements indi-
cate that the polythiophene composites exhibit good opti-
cal limiting of nanosecond laser pulses at 532 nm wave-
length. The operating nonlinear mechanism leading to op-
tical power limiting was found to be reverse saturable ab-
sorption. Hence, the polythiophene composites investigated
here are a potential candidate for future photonics and opto-
electronics applications.

Acknowledgement The authors wish to thank the Department of In-
formation Technology (D.I.T.), Government of India, for supporting
this work though a research project grant.

References

1. P.N. Prasad, D.J. Williams, Introduction to Nonlinear Optical Ef-
fects in Molecules and Polymers (Wiley, New York, 1992)

2. R.L. Sutherland, Handbook of Nonlinear optics (Dekker, New
York, 1996)

3. J.W. Perry, K. Mansour, I.-Y.S. Lee, X.-L. Wu, P.V. Bedworth,
C.-T. Chen, D. Ng, S.R. Marder, P. Miles, T. Wada, M. Tian,
H. Sasabe, Science 273, 1533 (1996)

4. M. Albota, D. Beljonne, J.-L. Brebas, J.E. Ehrlich, J.-Y. Fu,
A.A. Heikal, S.E. Hess, T. Kogej, M.D. Levin, S.R. Marder,
D. McCord-Maughon, J.W. Perry, H. Rockel, M. Rumi, G. Subra-
maniam, W.W. Webb, X.L. Wu, C. Xu, Science 281, 1653 (1998)

5. A. Ronchi, T. Cassano, R. Tommasi, F. Babudri, A. Cardone, G.M.
Farinola, F. Naso, Synth. Met. 39, 831 (2003)

6. U. Gubler, S. Concilio, C. Bosshard, I. Biaggio, P. Gunter, R.E.
Martin, M.J. Edelmann, J.A. Wykto, F. Diederich, Appl. Phys.
Lett. 81, 2322 (2002)

7. D. Udayakumar, A.V. Adhikari, Opt. Mater. 29, 1710 (2007)
8. D. Udayakumar, A.V. Adhikari, Synth. Met. 156, 1168 (2006)
9. F. Demanze, A. Yassar, F. Garnier, Synth. Met. 76, 269 (1996)

10. Y. Lin, J. Zhang, L. Brzozowski, E.H. Sargent, E. Kumacheva,
J. App. Phys. 94, 522 (2002)

11. C.J. Wung, Y. Pang, P.N. Prasad, F.E. Karasz, Polymer 32, 605
(1991)

12. W.E. Douglas, L.G. Klapshina, A.N. Rubinov, G.A. Domrachev,
B.A. Bushuk, O.L. Antipov, V.V. Semenov, A.S. Kuzhelev, S.B.
Bushuk, J.A. Kalvinkovskaya, Proc. SPIE 4106, 360 (2000)

13. G.S. He, R. Gvishi, P.N. Prasad, B.A. Reinhardt, Opt. Commun.
117, 133 (1995)

14. B. Aneeshkumar, P. Gopinath, C.P.G. Vallabhan, V.P.N. Nam-
poori, P. RadhaKrishnan, J. Opt. Soc. Am. B 20, 1486 (2003)

15. T. Cassano, R. Tommasi, M. Ferrara, F. Babudri, A. Cardone,
G.M. Farinola, F. Naso, Chem. Phys. 272, 111 (2001)

16. T. Cassano, R. Tommasi, F. Babudri, A. Cardone, G.M. Farinola,
F. Naso, Opt. Lett. 27, 2176 (2002)

17. S. Shettigar, K. Chandrasekharan, G. Umesh, B.K. Sarojini,
B. Narayana, Polymer 47, 3565 (2006)

18. X.T. Tao, T. Watanabe, K. Kono, T. Deguchi, M. Nakayama,
S. Miyata, Chem. Mater. 8, 1326 (1996)

19. H.M. Zidan, J. Appl. Polym. Sci. 88, 104 (2003)
20. P.K. Hegde, A.V. Adhikari, Proceedings of International con-

ference on advances in Polymer science and technology
(POLY2008), 2008 CONP-PO-4

21. M. Sheik-Bahae, A.A. Said, T. Wei, D.J. Hagan, E.W. VanStry-
land, IEEE J. Quantum Electron. 26, 760 (1990)



124 P. Poornesh et al.

22. G. Tsigaridas, I. Polyzos, P. Persephonis, V. Giannetas, Opt. Com-
mun. 266, 284 (2006)

23. G. Tsigaridas, M. Fakis, I. Polyzos, P. Persephonis, V. Giannetas,
Appl. Phys., B Lasers Opt. 76, 83 (2003)

24. W. Feng, W. Yi, H. Wu, M. Ozaki, K. Yoshino, J. Appl. Phys. 98,
034301 (2005)

25. K.P. Unikrishnan, J. Thomas, V.P.N. Nampoori, C.P.G. Vallabhan,
Opt. Commun. 204, 385 (2002)

26. S. Venugopal Rao, N.K.M.N. Srinivas, D. Narayana Rao, Chem.
Phys. Lett. 361, 439 (2002)

27. F.Z. Henari, W.J. Blau, L.R. Milgrom, G. Yahioglu, D. Phillips,
J.A. Lacey, Chem. Phys. Lett. 267, 229 (1997)

28. W. Sun, C.C. Beyon, M.M. McKerns, C.M. Lawson, S. Dong,
D. Wang, G.M. Gray, Proc. SPIE 16, 3798 (1999)

29. G.L. Wood, M.J. Miller, A.G. Mott, Opt. Lett. 20, 973 (1995)
30. F.Z. Henari, J. Opt., A Pure. Appl. Opt. 3, 188 (2001)
31. S.-L. Guo, L.I. Xu, H.-T. Wang, X.-Z. You, N.B. Ming, Optik 114,

58 (2003)
32. G.S. He, C. Weder, P. Smith, P.N. Prasad, IEEE J. Quantum Elec-

tron 34, 2279 (1998)
33. S. Couris, E. Koudoumas, A.A. Ruth, S. Leach, J. Phys., B At.

Mol. Opt. Phys. 28, 4537 (1995)

34. C.V. Bindhu, S.S. Harilal, V.P.N. Nampoori, C.P.G. Vallabhan,
Appl. Phys., B Lasers Opt. 70, 429 (2000)

35. Y. Chen, J. Doyle, Y. Liu, A. Strevens, Y. Lin, M.E. EI-Khouly,
Y. Araki, W.J. Blau, O. Ito, J. Photochem. Photobiol., A Chem.
185, 263 (2007)

36. A. Auger, W.J. Blau, P.M. Burnham, I. Chambrier, M.J. Cook,
B. Isare, F. Nekelsona, S.M. O’Flaherty, J. Mat. Chem. 13, 1042
(2003)

37. J. Hein, H. Bergner, M. Lenzner, S. Rentsch, Chem. Phys. 179,
543 (1994)

38. H. Sasabe, T. Wada, T. Sugyama, H. Ohkawa, A. Yamada, A.F.
Garito, Conjugated Polymeric Materials: Opportunities in Elec-
tronics, Optoelectronics, and Molecular Electronics. Series E: Ap-
plied Sciences, vol. 182 (Kluwer Academic, Dordrecht, 1990),
pp. 399–408. Edited by J.L. Breadas and R.R. Chance

39. W. Sun, M.M. McKerns, C.M. Lawson, G.M. Gray, C. Zhan,
D. Wang, Proc. SPIE 4106, 280 (2000)

40. W. Sun, C.M. Lawson, G.M. Gray, C. Zhan, D. Wang, Appl. Phys.
Lett. 78, 1817 (2001)

41. R.A. Ganeev, A.I. Ryasnyansky, M.K. Kodirov, S.R. Kamalov,
R.I. Tugushev, T. Usmanov, Appl. Phys., B Lasers Opt. 74, 47
(2002)


	Studies on third-order nonlinear optical properties and reverse saturable absorption in polythiophene/poly (methylmethacrylate) composites
	Abstract
	Introduction
	Experiments
	Results and discussions
	Optical power limiting studies
	Conclusions
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


