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Optical limiting properties of Cgp and Cro-doped organic thin films (polyimide,
2-cyclooctylamino-5-nitropyridine) under a laser irradiation at wavelengths of
532, 1047, and 1315 nm have been studied. The films can be applied as laser power
attenuators at a laser energy density of more than 2J-cm™ and at a laser energy
density up to 0.8-1J-cm™2 in the visible and near infrared spectral ranges, respect-
ively. Reverse saturable absorption and the complex formation have been discussed
to explain optical limiting results. The place of the materials studied can be pre-
dicted among other nonlinear optical systems attenuating high energy density in
the near infrared.

Keywords: fullerene; laser-matter interaction; near infrared spectral range; optical
limiting; organic structures

1. INTRODUCTION

Development of new fullerene-doped materials as effective optical lim-
iting (OL) systems provokes the great interest in their optical proper-
ties [1-5]. These properties conditioned by the excitation of n-electrons
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demonstrate that a new charge transfer complex is formed between
fullerene and a donor fragment of an organic molecule [6-9]. This com-
plex is of a higher excited state absorption cross section than the
ground state one. That is why fullerene-doped systems are reverse
saturable absorption (RSA) materials and may be used for a sensor
and eye protection as nonlinear optical absorbers.

In the present paper, the OL properties have been studied in
the Cgg and Crp-doped organic thin films, namely, polyimide and 2-
cyclooctylamino-5-nitropyridine (COANP) structures under a laser
irradiation at wavelengths of 532, 1047, and 1315nm. It has been
shown that the systems studied can be applied as laser power atten-
uators in the visible and near infrared spectral ranges.

2. EXPERIMENTAL CONDITIONS

3% solutions of conjugated materials in 1,1,2,2-tetrachloroethane
(TCIE) were used. The solutions were doped with fullerenes Cgg
or/and Cgo. The fullerene concentration was varied from 0.2 wt.% to
5wt.%. It should be noticed that fullerenes are of relatively high solu-
bility (about 5.3 mgmL?) [10] in TCIE. The 2.5-5 ym-thick films were
spun on the glass or quartz substrates. A general view of the films
obtained based on the materials treated is presented in Figure 1.
The film structures after drying are shown in Figure 2. The homogen-
eity of the films was investigated with a scanning electron microscope
(SEM) HU-11B at an accelerating voltage of 75kV. The multiplication
was 12500x. Spectroscopic measurements were carried out using
a Perkin—Elmer Lambda 9 instrument in the wavelength range
200-3000 nm.

FIGURE 1 View of a fullerene-doped polyimide thin film on the glass (or
quartz) substrate.
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FIGURE 2 SEM image of a 6B polyimide film.

A pulsed Nd-YAG laser at a wavelength of 532nm was applied
as a radiation source to study OL in the structures. A pulse width
was 20ns and a laser spot on the sample surface was 3—-3.5mm in
diameter. Beam energies incident on and transmitted through the
sample were measured. The OL scheme was analogous to that
presented in [11].

A pulsed Nd:YLiF-laser with a pulse width of 8 ns was applied as
an irradiation source to investigate OL at a wavelength of 1047 nm.
The spot diameter was about 2 mm.

To estimate the nonlinear transmission at 1315 nm, the dependence
of the output energy on the input one was measured with a use of a
photodissociative iodine laser. The first near-infrared OL results were
published in [12]. The laser pulse width was 50ns. A spot on the
sample surface was 2mm. It should be mentioned that, to control
the OL level in the near infrared, an additional scheme solution was
proposed [13].

3. RESULTS AND DISCUSSION

One of the most important processes observed in fullerene-doped
media is OL. The study of this effect allows the laser-matter interac-
tion to be investigated and the search for the new materials to protect
the human eyes and technical devices against laser radiation to be
solved.

The dependence of the output energy density W,; on the input one
Wi, for the polyimide and COANP thin films with different fullerene
concentrations followed by different numbers of excited molecules is
shown in Figure 3. The same dependence for a 1 um-thick pure fuller-
ene film is shown in the inset. On synthesis of thin films, the prefer-
ence has been given to C;y because the molecule is anisotropic. As a
result, the compound with C;q has 3-10 times more absorption than
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FIGURE 3 Dependence of the output energy density (W,,.) on the input one
(W) for films: 1 — COANP with 0.5 wt.% Crq; 2 — polyimide with 0.2 wt.% Co;
3 — polyimide with 0.5wt.% Cyo; 4 — COANP with 5wt.% Cqo; 5 — polyimide
with 0.7wt.% Cgo. In the inset: Dependence of the output energy density
(Wout) on the input one (W;,) for 1 pm pure fullerene thin film. (A = 532 nm).

the one with Cgg in the range 400—700 nm [14]. The absorption spectra
of the films with C( are red-shifted 20—30 nm and 50-70 nm for PI[15]
and COANP[16], respectively. Because the lifetime of Cyq in triplet
T, state is one order of magnitude longer than that of Cgq [17], more
pronounced responses and their clear detection have been obtained
over the visible spectral range.

From the intersection of linear and nonlinear parts of the
dependence W, = f(W;,) (Fig. 3), the OL level can be estimated.
It corresponds to the input energy density of 1.1-1.3J-cm 2 and
2.2-2.5J-ecm 2 for polyimide with 0.7wt.% C;o and COANP with
5wt.% Cro, respectively. The 3-fold attenuation of the laser beam
has been established for these structures that is close to that for
1 um pure fullerene thin film (see the inset in Fig. 3). It should be men-
tioned that the level of input energy density, at which the saturation of
the transmission takes place, decreases as the fullerene concentration
increases.
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FIGURE 4 Dependence of the output energy density (W,,.) on the input one
(Wi for polyimide films: 1 —0.5 wt % Cro; 2 — 0.2 wt % Cq; 3 —0.1wt % Crg at
1047 nm.

The dependence of the output energy density (W,,;) on the input
one (W;,) for 2.5-5pum-thick polyimide films studied at 1047 nm is
shown in Figure 4. One can see from Figure 4 that the more than
2-fold attenuation has been observed.

It should be noticed that the drastic spectral dependence of photo-
conductivity has been revealed for the fullerene-doped polyimide
system. It should be noticed that the photoconductivity of pure
fullerenes (Cgo and Crq) decreases drastically [18] in the near-infrared
range (4 > 700nm), while the one of fullerene-doped polyimide con-
tinues to rise. Using this peculiarity the OL effect has been studied
for the structure of C;g-doped polyimide with 0.5wt.% of fullerenes
with a pulsed iodine laser (1 = 1315nm) with a pulse width of 50 ns.
The results for the near-infrared range are presented in Figure 5.

The effect began at the input energy density of 0.25-0.3J-cm 2,
while the 16-fold attenuation was observed when the incident energy
density reached 0.8J-cm 2. Furthermore, the initial input energy
density of 0.25-0.3J - cm 2 can be reduced down to 0.1J - cm 2 by using
a Xe flash-lamp with a broad spectral band (see the inset in Fig. 5).
The filter with the transmission peak at 470 nm that corresponded
to the resonant line of Cro, was applied. The flash-lamp irradiation
was incident on the back surface of the film. The flash preceded the
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FIGURE 5 Dependence of W,,; on Wi, in polyimide 6B film with 0.57 wt.% of
fullerene Cq (A = 1315nm). In the inset: Dependence of W, ; on W;, in Cyo-
polyimide 6B films using an additional scheme solution [13].

laser pulse with the time interval of 5pus. Thus, the fullerene-doped
polyimide film may be applied as an optical limiter operating in the
infrared spectral range. The OL effect level can be controlled by the
low-power irradiation of a flash-lamp.

To discuss the OL mechanisms which are responsible for the OL
effect in fullerene-doped polyimide and COANP structures, the
reverse saturable absorption (RSA) and complex formation have been
considered. Moreover, the additional Forster energy transfer process
and the dipole-dipole interaction have been taken into account.
Really, from data of the Z-scan and electrophotographic methods,
the absorption cross-section for the ground and excited states has
been estimated. It has been shown that the excited state absorption
cross-section is larger than that for the ground state [5,19]. Thus,
fullerene-doped polyimide and COANP can be testified as RSA struc-
tures. Therefore, the difference between the transmission of samples
with various fullerene concentrations (see Fig. 3, curves 1, 4 and 2,
3, 5) and, hence, the OL effect can be explained in the framework of
the RSA mechanism.

Furthermore, an additional absorption at 532 nm due to the Forster
mechanism should be take into account for the fullerene-doped
polyimide system. T. Forster considered possibilities for the energy
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transfer via a resonant mechanism if the fluorescence spectrum over-
lapped with the absorption one [20]. From the comparison of the
absorption spectra of Cgg and Crq solutions in different solvents (hex-
ane, toluene, benzene, tetrachloroethane) and the fluorescence spec-
trum of the polyimide matrix, it follows that there is the essential
overlapping band which extends from 500 nm to 700 nm [11]. In our
case, the overlapping of the fluorescence spectrum of the polyimide
matrix and the absorption one of Cry-doped polyimide is observed at
an excitation wavelength of 532 nm. As a result, polyimide doped with
fullerenes C;( should attenuate the laser beam stronger due to the res-
onance absorption at 532 nm via the Forster mechanism.

As for Crg-doped COANP compounds, one can note that the elec-
tronic states of COANP corresponding to the red edge absorption near
430 nm, are in the same spectral region as the Cq electronic states. As
a result, the theoretical model for the absorption spectra under con-
sideration based on the electric dipole-dipole interaction between the
electronic degrees of freedom of C;o and COANP molecules has been
proposed [16]. Due to this rather close energy splitting one deal here
with a possibility of the quasi-resonant dipole-dipole interaction
between COANP and Cr, states. This model explains the absorption
enhancement at 532 nm and does not contradict the complex formation
in the COANP-C;, system.

It should be mentioned that the fullerene sensitization provokes the
creation of a charge transfer complex between the donor fragment of
photosensitive conjugated molecules and fullerene ones. The charge-
transfer complex formation should influence OL due to an additional
absorption by the complex. The structural peculiarities of polyimide
are favorable for the complex formation between the polyimide donor
fragment (triphenylamine) and fullerene. The excitation causes a
conformational transformation of the triphenylamine fragment from
the neutral tetrahedral form to the ionized planar one. The parallel
arrangement of these planes creates a necessary condition for the
charge transfer. Fullerenes have electron affinity of 2.65-2.7 eV. They
are stronger sensitizers than the intramolecular acceptor fragment
(diimide) and hence, they increase the charge phototransfer in that
system. Really, the fullerene doping of polyimide results in a signifi-
cant increase in photocurrent. The increase is at least one order of
magnitude at a potential of 70V [12]. The acceptor fragment of a
COANP molecule is an NOy group, which is bound with the donor
fragment by a benzene ring. The electron affinity of an individual mol-
ecule or radical NO, is 2.3eV, but the electron affinity of the NO,
group bounded with a benzene ring is only 0.54eV [21] that is four
times less than that of fullerene. Thus, the fullerene molecule
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dominates the acceptor NOy group in COANP and changes the intra-
molecular donor-acceptor interaction. The mass spectroscopy data
pointed to the charge transfer complex formation between fullerene
and triphenylamine and between fullerene and the HN group in
the Cro-polyimide and C;p-COANP systems. The photoconductivity
measurements [12] and the mass spectroscopy investigations [19] of
the fullerene-polyimide and fullerene-COANP systems give additional
arguments in favor of the charge transfer complex formation and can
explain OL results in the near infrared.

The basic OL results of the present study and those shown in the
other papers for the near infrared are placed in Table 1.

4. CONCLUSION

Optical limiting properties of the fullerene-doped conjugated struc-
tures based on polyimide and 2-cyclooctylamino-5-nitropyridine have
been studied to apply these materials as an effective nonlinear absor-
ber in the visible and in the near-infrared spectral ranges. For the thin
Cro-polyimide and C,;-COANP films, the more than 3-fold attenuation
was observed in the visible spectral range. The 16-fold attenuation of a
laser beam was found for the thin Cro-polyimide film with a fullerene
concentration of 0.5 wt.% in the near infrared. It has been shown that
the OL level can be controlled by the low-power irradiation of a flash-
lamp. The RSA mechanism and the complex formation between the
organic molecules and fullerenes, as well as the Forster energy trans-
fer and the dipole-dipole interaction, have been discussed.

The place of the materials studied can be predicted among other
nonlinear optical systems attenuating high energy density. It should
be noticed that we consider thin films, neither solutions nor solid bulk
materials. This is a specific feature of our study. It is important
to apply these structures in different areas, where the dimensions of
systems play a key role.
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