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Abstract: Optical-quality, melt processable thick films of a conjugated
polymer blend containing poly(2-methoxy-5-(2-ethyl-hexyloxy)-(phenylene
vinylene)) (MEH-PPV), a Cq, derivative (PCBM) and a plasticizer (1,2-di-
iso-octylphthalate) have been developed and their nonlinear absorption and
optical limiting properties have been investigated. These blend materials
exhibited strong optical limiting characteristics in the near infrared region
(750-900 nm), with broad temporal dynamic range spanning femtosecond to
nanosecond pulse widths. The dispersion of the optical limiting figure-of-
merit of the MEH-PPV:PCBM:DOP blend shows a peak near the
wavelength of the MEH-PPV cation, indicating an important role of one-
photon and two-photon induced charge transfer in the nonlinear absorption
response.
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1. Introduction

Materials with strong nonlinear optical absorption properties have long been recognized as
potential optical limiting (OL) materials for applications such as sensor protection [1-4], noise
reduction [5], and pulse shaping [6] in various wavelength regions. With the development of
mode-locked and amplified Ti:Sapphire lasers [7], the need for effective optical limiters in the
700-1000 nm spectral range has increased. The essential requirements for OL materials are
high linear transmission (7)), low turn-on threshold (F7, defined here as the fluence where
T(F) = Ty/2), high damage threshold, and large pulse energy suppression (S), which should be
achieved over a wide spectral and temporal dynamic range (where S is defined as the
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reciprocal of nonlinear transmittance, T, just before the damage threshold). A figure-of-merit
(FOM) for evaluating the pulse suppression performance of an optical limiter is defined here
as FOM =TS = Ty/Ty.

Several organic material systems utilizing different mechanisms for their nonlinear
absorption (NLA) response have been reported previously [4,5,8—11]. Cha ef al. reported on a
blend of a conjugated polymer, poly(3-octyl thiophene) (P30T), and a Cg, fullerene derivative
that was found to possess enhanced NLA and OL capability in the 700 — 950 nm range
compared to the neat polymer or fullerene [8]. A nanosecond-pulse suppression of 9 dB
(7.8X) was observed at 760 nm and was attributed to one-photon induced charge carrier
absorption (CCA). The P30T polymer functioned as a photoexcitable electron donor and the
fullerene as an electron acceptor. The NLA was modeled and found to be enhanced due to
CCA arising from fast and efficient charge transfer and charge separation, as well as relatively
slow charge recombination [8,12]. However, the P3OT:fullerene blend exhibited low linear
transmission (~0.45) resulting in a modest OL-FOM = 3.5.

One route to improving the linear transmission is to make use of two-photon absorption
(2PA) as an excitation route, with photon energies lying below the linear absorption band
edge [5,9-11]. However, because of the quadratic dependence of the excitation rate on
intensity, purely 2PA-based systems are limited to use with relatively short pulse widths. With
the contribution of subsequent absorption processes (e.g. excited state absorption, ESA, or
CCA), the nonlinear attenuation can be dramatically increased [11] for longer (i.e.
nanosecond) pulses, although the NLA response could diminish for yet longer pulses,
depending on the timescale for relaxation of the excited state or charge recombination. While
a recent report on a lead bis(ethynyl)porphyrin polymer material system exhibiting 2PA-
induced ESA has shown promising broadband OL response at longer wavelengths (> 1050
nm) [10], 2PA-based systems in the current spectral region-of-interest (700-1000 nm) have
resulted in OL-FOMs < 10 [9].

To develop an OL material in the near IR with improved linear transmittance and temporal
dynamic range, a system with a combined contribution of 1PA- and 2PA-induced absorptions
is of interest. In order to achieve such effective NLA, it is ideal to have spectral overlap of
1PA or 2PA with ESA or CCA in the spectral region-of-interest. If there is also spectral
overlap of the 1PA and 2PA bands, both types of excitation can contribute to the induced
absorption and can give rise to a nonlinear response over a wider temporal dynamic range.
Furthermore, the states or species that contribute to the induced absorptions should be
generated on a time scale much shorter than the pulse duration and the resulting excited states
or carriers should have lifetimes comparable to or longer than the excitation pulse width. This
is generally a difficult task to achieve in a single-component OL material.

In this paper, we report on the NLA and OL properties of blends of poly(2-methoxy-5-(2-
ethyl-hexyloxy)-(phenylene vinylene)) (MEH-PPV), the fullerene (6,6)-phenyl-Cg;-butyric
acid methyl ester (PCBM), and a plasticizer known as di-octylphthalate (DOP). MEH-
PPV/fullerene blends are well known to show efficient one-photon induced charge carrier
generation and have been studied extensively as solar cell materials [13]. We recognized that
the 2PA spectrum of MEH-PPV overlaps well with the MEH-PPYV radical cation absorption,
such that CCA should be induced and lead to strong NLA. To overcome poor optical quality
and significant optical scattering in films of MEH-PPV and PCBM we investigated a ternary
mixture comprising MEH-PPV, PCBM and DOP and were able to produce melt-processable,
optical quality, thick films (25 um) of this material. The results of linear spectroscopic studies,
femtosecond-pulsed Z-scans, and OL measurements with both nanosecond and femtosecond
laser pulses in the red-near IR (750-900 nm) will be described below.
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Fig. 1. Illustration of one- and two-photon induced excited state and charge carrier absorption
in MEH-PPV:PCBM:DOP blends and the chemical structures of constituent compounds. The
states illustrated represent only the MEH-PPV related electronic states in the system. The S
symbols represent singlet states of MEH-PPV and MEH-PPV-PCBM charge transfer complex
and the D symbols represent doublet states of the MEH-PPV radical cation.

2. MEH-PPV:PCBM:DOP blends

MEH-PPV:PCBM blends are interesting as potential nonlinear absorbing optical elements
because of the linear and nonlinear absorption properties of MEH-PPV as well as the excited
state and charge carrier absorption characteristics of both MEH-PPV and PCBM. Relative to
P30T, MEH-PPV has a larger bandgap (E,) providing improved linear transmission in the
near IR region. It has been shown that one-photon induced charge transfer can occur between
MEH-PPV (electron donor) and PCBM (electron acceptor) leading to strongly absorbing
charge carriers; the MEH-PPV cation shows a broad absorption band from 600 to 1100 nm
and the PCBM anion shows absorption bands ranging from 850 to 1070 nm [12,14-17].
MEH-PPV has 2PA bands ranging from 750 to 900 nm [18,19] and ESA also in the near IR
peaking at 1300 nm [20,21]. Furthermore, blends of MEH-PPV and PCBM have been shown
to form ground-state charge transfer complexes (CTCs) that exhibit weak 1PA extending to
wavelengths above the 1PA band edge of MEH-PPV [22]. Therefore, one-photon or two-
photon excitation of the MEH-PPV:PCBM blend in the 700-900 nm range should lead to the
generation of charge carriers [14,16,17] and/or excited states [20,21,23] that are strongly
absorbing in the same wavelength range, as needed for effective NLA (see Fig. 1). The
photoinduced charge transfer and separation have been reported to occur within 1 ps
following excitation [24] in MEH-PPV:PCBM films, while the recombination of MEH-PPV
cations and fullerene anions is slow (300 ns — 10 ms) [25]. For MEH-PPV, the singlet ESA
lifetime is ~600 ps [20,21], which allows for efficient electron transfer quenching by PCBM.
Thus, the combination of MEH-PPV and PCBM was investigated as a candidate OL material
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that could have 2PA- and 1PA-induced ESA or CCA working together to contribute to
effective OL in the same spectral range for various pulse durations.

3. Experiments
3.1 Sample preparation

MEH-PPV (M, = 40,000-70,000, Sigma-Aldrich), poly(methyl methacrylate) (PMMA, M, =
15,000, Sigma-Aldrich), PCBM (Sigma-Aldrich), and DOP (Sigma-Aldrich) were used as
received. 25 pum thick films of three different compositions were fabricated for OL
measurements and nonlinear spectroscopic characterization: (1) MEH-PPV:DOP (50%:50%,
by weight) (2) MEH-PPV:PCBM:DOP (40%:10%:50%, by weight), and (3)
PMMA:PCBM:DOP (35%:15%:50%, by weight). Each component was dissolved in
spectroscopic-grade dichloromethane separately, and then the solutions were mixed to obtain
the appropriate composition ratio by weight. Solvent was then removed under vacuum to
obtain a homogenous mixture of the selected components. The dried mixtures were then
transferred into an Ar-filled glove box and melted into films under inert atmosphere to avoid
potential degradation at high temperature. To process the blend films, a hot plate was first
preheated to the processing temperature (190-250°C). Then, the blend was sandwiched
between thoroughly cleaned microscope glass slides and 25 um thick PTFE spacers were used
to control the film thickness. Next, the sandwiched sample was then placed on a preheated hot
plate and a static compressive force was applied evenly to distribute the mixture. As soon as
the sample had melted and flowed, the sandwiched film was immediately transferred onto a
cold metal block (chilled in a —40°C freezer) and rapidly quenched. The fabricated blend films
were then hermetically sealed with epoxy glue to avoid oxidation under ambient conditions.

Spin-coated films of MEH-PPV:DOP (100 nm thickness), MEH-PPV:PCBM:DOP (100
nm) and PMMA:PCBM:DOP (1.6 pum) were also prepared for linear spectroscopic
measurements in order to observe distinct spectral features of the individual components. A
10-um thick PMMA:PCBM:DOP was also prepared by drop-casting for observation of the
weak absorption of PCBM in the 600 — 750 nm range. Film thicknesses were determined
using a Dektak 6M contact profilometer.

3.2 Linear and nonlinear spectroscopic measurements

Linear transmission properties of blend films were determined by Vis-NIR linear absorption
spectroscopy using a Shimadzu UV3100 UV-Vis-NIR spectrometer. The 2PA coefficients (5)
of the blends were determined at 730 nm and 870 nm using the femtosecond-pulsed open-
aperture Z-scan technique which has been described in detail elsewhere [10]. The instrumental
accuracy associated with these measurements is estimated to be + 15%.

3.3 Optical limiting

Optical limiting measurements were carried out with both femtosecond and nanosecond
pulses to determine the power suppression capability of blends in the near IR region. The
detailed experimental setup has been discussed in a previous publication [10], however a brief
description will be given here. The nanosecond-pulsed OL measurements were performed
using a flat top beam focused with an f/5 lens. The measurements were performed in the
wavelength region from 750 — 900 nm with beam radii (HW1/e®) measuring 30-40 um at the
sample position and pulse energies ranging from 5 nJ to 400 pJ. The femtosecond-pulsed OL
measurements were performed using a Gaussian beam with radius of ~35 um (HW1/e?) at the
sample position. The excitation wavelength of 810 nm was used with excitation energies from
0.5 to 1000 nJ.
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4. Results and discussions
4.1 Formulation and processing of thick film conjugated polymer blends

The NLA of a blend material scales with the sample pathlength and the concentration of
optically active chromophores within the sample. Moreover, the charge transfer efficiency
depends on the distance between donors and acceptors in a blended solid film. Thus,
considering these factors, the primary task in this study was to fabricate thick (> 15 um) solid
films of MEH-PPV and PCBM with high volume loading of the constituents, while
maintaining optical transparency in the near IR. However, obtaining high optical quality, thick
blend films involving conjugated polymers is rather challenging due to potential phase
separation of components and degradation caused by high processing temperatures. These
factors can lead to increased scattering and reduced linear transmittance in the films. Melt
processing is often a viable route to the formation of optical quality glasses of polymers via
rapid quenching of the melt. However, MEH-PPV has a high melting temperature (250-300
°C) [26,27], due to interchain interactions as is the case for many long-chain conjugated
polymers, and was found to decompose before melting sufficiently for film processing. The
addition of a plasticizer, such as DOP, dissolves and dilutes the polymer chains, and induces
additional free volume in the blend which leads to a number of favorable characteristics:
reduced melting and blend processing temperatures, improved processability and miscibility
of the two component systems, and reduced crystallinity in the resulting films. Various ratios
of DOP were investigated. Upon the addition of 50% DOP, the ternary DOP-containing
blends could be processed at temperatures around 200-230°C. This permitted fabrication of
optical quality films with thicknesses ranging from 15 — 200 um and excellent transparency
from 700 to 900 nm, while maintaining a high concentration of the polymer and fullerene (see
Fig. 2 and Table 1).

4.2 Linear and Nonlinear absorption of MEH-PPV:DOP and MEH-PPV:PCBM:DOP Films

Figure 2 shows the linear absorption of thin and thick films of MEH-PPV:DOP, MEH-
PPV:PCBM:DOP, and PMMA:PCBM:DOP. Spin-coated thin films of MEH-PPV:DOP and
MEH-PPV:PCBM:DOP showed the electronic absorption peaks of MEH-PPV at 505 and 512
nm. The PMMA:PCBM:DOP thin film shows the expected electronic absorption bands for
PCBM in the range of 400 to 750 nm, including a distinct weak band at 700 nm [28]. For the
melt-processed thick films, the MEH-PPV:DOP film shows a sharp band edge at 625 nm. The
film of the MEH-PPV:PCBM:DOP blend shows a weak absorption at ~700 nm, that we
attribute to the PCBM, on top of an extended absorption tail below the band edge of MEH-
PPV (out to ~870 nm) that likely results from the formation of a ground-state CTC [22,29,30].
Minor inhomogeneities were observed in optical microscopy, which might also contribute to
some of the optical loss tail in the near IR. Such inhomogeneities may result from a small
amount of crystallization of PCBM, as evidenced by the low density of very small crystallites
in Fig. 2c.

Femtosecond-pulsed open-aperture Z-scan measurements (Table 1) yielded S values for
MEH-PPV:DOP films which were found to be about half the reported value (80 cm/GW at
800 nm) of neat MEH-PPV [19,31], which is consistent with the ~50% dilution of MEH-PPV
in the blend film. These 2PA coefficients are nearly an order-of-magnitude larger than for
ZnSe, a wide bandgap semiconductor that has been used previously for OL in this spectral
region [32]. Also, the values of f showed negligible intensity dependency in the irradiance
range used, i.e. 1 — 12 GW/cm®. While this result suggests that the dominant mechanism for
NLA in MEH-PPV is 2PA, as might be expected in the femtosecond region, it does not
preclude subsequent ESA of MEH-PPV at higher intensities. At 870 nm, the magnitudes of f
were not significantly different for the MEH-PPV:DOP and MEH-PPV:PCBM:DOP films. At
730 nm, on the other hand, the value of f for MEH-PPV:PCBM:DOP showed a marked
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difference relative to MEH-PPV:DOP, possibly indicating an additional pathway for NLA
which could be due to the presence of CTCs leading to 1PA-induced ESA.
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Fig. 2. (Left) Linear absorption spectra of melt-processed 25-pm thick MEH-PPV:DOP film
(black) and MEH-PPV:PCBM:DOP (red) film and drop-cast 10 pm thick PMMA:PCBM:DOP
(blue). Inset: Linear absorption spectra of spin-coated thin films of MEH-PPV:DOP (black, 100
nm), MEH-PPV:PCBM:DOP (red, 100 nm), and PMMA:PCBM:DOP (blue, 1.7 pum). (Right)
Transmission optical microscopic images at 40X magnification of 25-um thick melt-processed
films of (a) neat MEH-PPV, (b) MEH-PPV:DOP, and (c) MEH-PPV:PCBM:DOP.
Table 1. Linear and nonlinear optical properties as well as optical limiting characteristics
of blends examined.
Ty S [em/GW] ns-OL" fs-OL!!
Sample Fm Frn
800 nm 730 nm 870 nm (J/em?] FoM (J/em?] FOM
MEH-PPV:PCBM:DOP %3)652 57 37 0.15 21 0.0019 9.7
. 0.90 + 40 33 8.2
MEH-PPV:DOP 0.065 (955)4 (660)4 2.3 2.7 0.0021 2.8)
. . 031+
PMMA:PCBM:DOP 0.084 - - 4.3 2.4 0.03 1.1

2] These are average values based on linear spectroscopic measurements on different spots for several films.

"l Nanosecond OL with 4 ns, 830 nm pulses. The measurement uncertainty is ~ % 15%.

! Femtosecond OL with 75 fs, 810 nm pulses. The measurement uncertainty is ~ = 15%.

4 The numbers in the parentheses are extracted 2PA cross-sections (J). The conversion from 2PA coefficient (5)
to J is given as J = PE,/N, where N is the number density of MEH-PPV per repeat unit and E,; is the photon
energy of the excitation. The units of § are 10~ m*.s-photon™' (or GM).

) MEH-PPV:DOP showed minor, non-catastrophic damage at 4 x 10 J/cm? giving a FOM of ~2.8. However, the
suppression capability of MEH-PPV:DOP continued until ~2 x 107 J/cm? giving a FOM of ~8.2.
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Fig. 3. Optical limiting data and numerical simulations for the 25 pum thick MEH-PPV:DOP
and MEH-PPV:PCBM:DOP films. Femtosecond-pulsed (HW1/e ~65 fs) OL on MEH-
PPV:DOP (a) and MEH-PPV:PCBM:DOP (b) at 810 nm. Nanosecond-pulsed (HW1/e ~4 ns)
OL on MEH-PPV:DOP. (c¢) and MEH-PPV:PCBM:DOP (d) at 830 nm. Parameters for the
numerical simulations are described in the text. Dashed lines mark the onset of damage.

4.3 Optical limiting performance of MEH-PPV based blends

Given the successful fabrication of thick, optical quality films of MEH-PPV based blends
with strong NLA properties, femtosecond- and nanosecond-pulsed OL studies were
undertaken to determine the pulse suppression efficacy of the films. As indicated in Table 1
and Fig. 3, MEH-PPV:DOP and MEH-PPV:PCBM:DOP showed significant differences in
nanosecond-pulsed OL performance while the suppression behavior is similar when using
femtosecond pulses. With femtosecond-pulsed excitation, MEH-PPV:DOP and MEH-
PPV:PCBM:DOP both showed a similar turn-on threshold and pre-damage suppression, i.e.
10 dB (9X). Optical damage occurred at ~0.01 J/cm® under femtosecond pulse excitation for
both MEH-PPV:DOP and MEH-PPV:PCBM:DOP, although MEH-PPV:DOP showed signs
of minor, non-catastrophic damage at lower input fluences (see Table 1 and Fig. 3). With
nanosecond-pulsed excitation, MEH-PPV:DOP showed a limited pulse suppression, 5 dB
(3X), and a high turn-on threshold (Fry,, defined here as the fluence where T(I) = Ty/2) of 2.3
J/em?, while MEH-PPV:PCBM:DOP exhibited a Fry, of 100 times lower than MEH-PPV:DOP
and a suppression that was 10 times higher (15 dB, 30X). Such a large suppression by MEH-
PPV:PCBM:DOP exceeds the reported value achieved previously with a P3OT:fullerene
blend [8]. Furthermore, by virtue of the improved linear transmittance of the MEH-
PPV:PCBM:DOP blend, the peak OL-FOM (at 800 nm) shows nearly a 7-fold enhancement
over the P3OT:fullerene blend [8]. Interestingly, the damage thresholds of the blend films
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containing DOP are relatively large under nanosecond pulse exposure, 3.5 — 4.2 J/cm”. These
values are comparable to some of the larger values reported in the literature for dye doped
polymers, such as metallophthalocyanine doped polymethylmethacrylate [2]. The high
damage thresholds of the DOP based blends are likely the result of the viscoelastic gel-like
behavior of the blends. High damage thresholds have previously been reported for elastomeric
and viscoelastic gel hosts containing nonlinear optical dyes [33-35]. Such gel-like solid
solutions are able to better dissipate the shocks associated with high fluence exposures and
recover from transient deformations as compared to stiffer host materials.

The differences in OL behavior between the femtosecond and nanosecond pulsed
excitation for MEH-PPV:DOP and MEH-PPV:PCBM:DOP indicates that the NLA
mechanisms contributing to the suppression are likely different in these two temporal regimes.
For the MEH-PPV:DOP film, since MEH-PPV is the only active nonlinear absorbing
chromophore, the dominant mechanisms for NLA are primarily 2PA and ESA in both
femtosecond and nanosecond regimes. For MEH-PPV:PCBM:DOP however, charge carrier
generation and absorption could contribute to the NLA mechanism, especially for nanosecond
pulse durations. As evidenced by the poor OL suppression of the PMMA:PCBM:DOP control
film in both temporal regimes, direct excitation of PCBM alone by either 1- or 2-PA likely
provides a negligible contribution to the NLA of the blend. For femtosecond-pulsed
excitation, the timescale for charge transfer and separation of charge carriers (~1 ps for MEH-
PPV:PCBM [24]) is longer than the duration of the pulse width, therefore it is likely that ESA
following excitation of MEH-PPV is still the primary route for NLA. This is consistent with
the similar OL suppression observed for MEH-PPV:PCBM:DOP and MEH-PPV:DOP. On the
other hand in the nanosecond regime, charge transfer occurs essentially instantaneously with
respect to the pulse width which, coupled with the lifetime of the charge carriers (i.e. up to 3
ms [25]), suggests that induced CCA would be the dominant NLA mechanism. Furthermore,
the turn-on threshold for MEH-PPV:PCBM:DOP is much lower (Fig. 3d) than that of MEH-
PPV:DOP. Such a low threshold indicates an additional excitation pathway different from
2PA may provide a significant contribution. Since PMMA:PCBM:DOP showed negligible
suppression, this additional pathway could be attributed to CTC absorption and, given its
spectral overlap with MEH-PPV 2PA, it is likely that the large OL suppression of MEH-
PPV:PCBM:DOP benefits from a combination of 1PA and 2PA excitation processes (Fig. 1).
In order to understand and distinguish the contributions of 2PA (MEH-PPV) and 1PA (CTC)
in the NLA response of MEH-PPV:PCBM:DOP, wavelength-dependent OL studies and
numerical simulations of the OL data were carried out and are discussed below.

4.4 Dispersion of NLA

Wavelength-dependent OL studies of the MEH-PPV:DOP and MEH-PPV:PCBM:DOP
blends were performed with nanosecond pulses in the 750 — 900 nm region. As shown in Fig.
4, MEH-PPV:PCBM:DOP has a considerably larger OL-FOM than MEH-PPV:DOP,
particularly at shorter wavelengths. The dispersion of the OL-FOM for MEH-
PPV:PCBM:DOP shows a peak at ~800 nm and monotonically decreases going towards 900
nm. The large suppression at shorter wavelengths again suggests a contribution from CTC
absorption. At longer wavelengths, where CTC absorption is diminished, the 1PA
contribution is reduced and 2PA-induced CCA dominates. Therefore, at shorter excitation
wavelengths, the suppression mechanism in MEH-PPV:PCBM:DOP is likely due to both
1PA- and 2PA-induced CCA. While MEH-PPV:PCBM:DOP showed similar suppressions
from 750 to 830 nm, the FOMs were found to be optimal at 800 nm (FOM ~23) and 830 nm
(FOM ~21) as a result of the compromise between linear transmission loss and pulse
suppression.
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Fig. 4. Wavelength-dependence of FOM for nanosecond-pulse OL of 25 um thick films of
MEH-PPV:DOP (black) and MEH-PPV:PCBM:DOP (red) blends.

4.5 Numerical simulations of optical limiting

A method for nonlinear beam propagation (see ref [10]. for details) was employed to simulate
the OL data in both femtosecond and nanosecond regimes in order to better understand the
potential mechanisms contributing to the pulse suppression. Figure 3 shows these simulations
alongside the experimental data for MEH-PPV:DOP and MEH-PPV:PCBM:DOP.
Experimentally-determined beam profile and pulse shape parameters were used in the
simulations as were sample-specific parameters (e.g. film thickness, concentration, linear
transmittance, etc.). Parameters such as ESA and CCA lifetimes and charge transfer rates
were adopted from the literature values (see Section 2 above). The 2PA cross-section was
estimated to be ~780 GM in the 810-830 nm range based on the femtosecond Z-scan results
(see Table 1). Consequently, the MEH-PPV ESA cross section became the only free fitting
parameter when simulating the nanosecond-pulsed OL of the MEH-PPV:DOP film at 830 nm.
The extracted value for the cross section was found to be oggp = 1.1 X 10 m? at 830 nm,
which is very similar to the value at 775 nm reported in the literature [20]. It should be noted
that the MEH-PPV ESA was modeled as a single effective excited state absorption, although
S, = S,y and S; — S, absorption processes could contribute on short timescales. Figure 3c
shows that 2PA itself has a negligible contribution to the nanosecond OL without including
the subsequent ESA. This simulation as well as the absence of any appreciable 1PA for MEH-
PPV:DOP in this spectral region validates the use of the 2PA-induced ESA process. The same
NLA mechanism was used to simulate the femtosecond OL data in Fig. 3a. The simulations
closely follow the experimental data, although it is clear that 2PA itself plays the predominant
role in the pulse suppression for this temporal regime.

As discussed above, the same NLA mechanism responsible for the femtosecond OL
response in MEH-PPV:DOP should also be responsible for the pulse suppression in MEH-
PPV:PCBM:DOP. This is confirmed in Fig. 3b where 2PA is shown to be prominent in the
nonlinear response of the blend. Not surprisingly, including 1PA as an additional excitation
process (due to CTC absorption) showed only moderate improvement in the femtosecond OL
response. For the nanosecond OL simulations of MEH-PPV:PCBM:DOP, the CCA cross
section was extracted from the data taken at 900 nm. Since the contribution from CTC
absorption is negligible at this wavelength, a 2PA-induced CCA model could be employed.
The extracted cross section value was occpa = 1.3 X 10" m* which is quite similar to the value
found previously for the MEH-PPV cation [17]. This is consistent with transient absorption
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data taken on MEH-PPV:PCBM blends [24], which show the MEH-PPV cation plays a
dominant role in the CCA following excitation. Furthermore, the dispersion of the OL-FOM
shown in Fig. 4 is also reminiscent of the MEH-PPV cation spectrum. With the value of occa
(scaled according to the cation spectrum at the appropriate wavelength), nanosecond-pulsed
OL could be simulated for the 830 nm data. It is clear from Fig. 3d that the mechanism of
2PA-induced CCA does not achieve the observed pulse suppression. However, 1PA-induced
CCA (via the ground-state CTC) overestimates the suppression. Only by assuming a fractional
contribution from both the CTC absorption and MEH-PPV 2PA (40% 1PA-CCA and 60%
2PA-CCA) could the data be reliably simulated. This is entirely consistent with the notion that
only a fraction of the MEH-PPV units form CTCs while the remaining population exists as
uncomplexed sub-units. Consequently, the OL response of MEH-PPV:PCBM:DOP results
from a combination of both 1PA- and 2PA-induced CCA which is consistent with the results
from the OL-FOM dispersion studies.

5. Conclusion

In summary, a ternary mixture including a conjugated polymer electron donor, a fullerene
electron acceptor and a plasticizer allowed for the fabrication of an optical quality, thick film
of a MEH-PPV:PCBM:DOP blend for optical limiting. In the femtosecond regime, two-
photon absorption induced excited state absorption of MEH-PPV dominated the suppression
and ~10 dB of suppression was observed for both MEH-PPV:DOP and MEH-
PPV:PCBM:DOP blends. In the nanosecond regime, the suppression was enhanced by the
accumulation of absorbing charge carriers over the long pulse duration and a contribution of
one-photon absorption to the carrier generation due to a ground-state charge-transfer complex
of MEH-PPV and PCBM, especially at the shorter wavelengths studied. MEH-
PPV:PCBM:DOP showed a significantly reduced turn-on threshold and increased suppression
of 15 dB, relative to MEH-PPV:DOP. The MEH-PPV:PCBM:DOP blend showed stronger
suppression than what has been reported to date for organic optical limiters in the 750-900 nm
range [5,8,9,11] and thus has potential as an efficient optical limiting material in the
femtosecond to nanosecond temporal range for near IR wavelengths.
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