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Nanoparticles have been attracting wide interest due to their potential appli-
cations in the field of nanophotonics and optoelectronics. Most of the
nanoparticles exhibit interesting nonlinear optical properties and are being
used for optical limiting purposes due to absorptive nonlinearities such
as, two/multi-photon absorption (TPA/MPA), excited state/Free-carrier
absorption (ESA/FCA) processes etc. Though the absorptive processes
often provide low limiting thresholds, most of the materials have low dam-
age threshold limiting their applications for optical limiting studies. We
present our efforts on enhancing the damage threshold through nonlinear
scattering so that these materials can be used efficiently even at high input
fluences. Our efforts to achieve this goal have been through the preparation
and nonlinear optical characterization of metal nanoclusters, semicon-
ductor nanoparticles, and ferroelectric nanocrystals dispersed in different
media. Herein nonlinear scattering results fromAg-Cu co-doped nanoclus-
ters in Sol-Gel films, CdS nanoparticles dispersed in dimethylformamide
(DMF) and BSO nanocrystals dispersed in PMMA are presented.

Keywords: Optical limiting, nanoparticles, nonlinear scattering, nonlinear
absorption.

INTRODUCTION

An ideal optical limiter, by definition, is a device that exhibits a linear trans-
mittance below a threshold and clamps the output to a constant above it, thus
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providing safety to sensors and the eyes. Awide range of materials with strong
nonlinear optical properties contributing to optical limiting have been inves-
tigated [1–3]. Most of the materials, studied for optical limiting, use either
of the absorptive nonlinearities or a combination of two or more processes,
such as two-photon absorption (2PA), excited state absorption, free-carrier
absorption [3–7]. Variety of metal nanoclusters [8–11], metal alloy nanoclus-
ters [12], semiconductor nanoparticles [13–18], organic nanoclusters [19], in
different matrices were investigated for their nonlinear optical properties. In
most metal nanoclusters the effect of surface plasmon resonance was studied,
while in most of semi-conducting nanoparticles nonlinear absorption (NLA)
phenomena like two-photon absorption (2PA), three-photon absorption (3PA)
were studied extensively [8–12]. Very few studies focused on the nonlinear
scattering (NLS) phenomenon, influential at higher input fluences [11, 16, 17].

Nonlinear scattering (NLS) is a laser-induced and intensity dependent scat-
tering. This can be observed in two different cases. In the first case, the
limiting medium is a system of linear or nonlinear absorbing particles ran-
domly distributed in a transparent host material. For a weak input light beam
the temperature and refractive index changes due to the particles’ absorption
in the system are negligible, whereas for strong laser beam, the absorption-
induced temperature change of the particles is significant and each particle
forms an individual heating center. As a result of this local heating effect,
the medium becomes highly inhomogeneous and considerable portions of
the energy will spread out into a wider spatial region and portion of light
passed through the aperture will be limited [20–22]. In the second case, the
medium is a mixed system composed of two microscopic components that
have similar static refractive index but are in a different phase states, e.g. one
in liquid state and other is solid. If one component is transparent and the other
absorbs the incident laser beam, as a result of selective opto-heating process,
the whole system becomes inhomogeneous in the boundary between the two
components [23–25]. NLS is a well-known phenomenon leading to optical
limiting in colloidal suspensions of silica particles [26, 27], carbon particle
suspensions [28,29], fullerenes [30–32], and nanoparticles [33].

In this article, we present our efforts on the NLS studies from nanoparticles
dispersed in different media for optical limiting. Three different classes of
nanoparticles were characterized for NLS: (a) Co-doped metal nanoclusters
of sizes 10–50 nm dispersed in silica glass matrix, (b) Semiconducting CdS
nanocrystals of 4.5 nm dispersed in DMF, (c) BSO nanocrystals of 62± 3 nm
dispersed in PMMA.

EXPERIMENTAL DETAILS

Nonlinear absorption (NLA) studies were carried out using the standard open
apertureZ-scan technique [34]. In a typicalZ-scan experiment, a laser beam



“NLOQO” — “nloqo_is11” — 2010/3/12 — 10:10 — page 225 — #3

Optical Limiting in Nanoparticles 225

532nm, 6 ns
10 Hz

A F1 L1 S BS L2 F2

D2

L3

F3

D1

D3
L4

F4
Z

532nm, 6 ns
10 Hz

A F1 L1 S BS L2 F2

D2

L3

F3

D1

D3
L4

F4
Z

θ

FIGURE 1
Schematic of the Z scan set up for recording the nonlinear absorption and scattering. A – aperture,
S – sample, F1, F2, F3, F4 – Neutral Density Filters, D1, D2, D3 – Detectors, BS – Beam splitter,
L1, L2, L3, L4 – lens.

with a transverse Gaussian profile is focused using a converging lens. The
sample is then translated along the propagation direction of the focused beam.
At the focal point, the sample experiences maximum pump intensity, which
gradually decreases away from the focus. For simultaneous measurement of
NLA and NLS standard open-aperture Z-scan is slightly modified as shown
in Fig. 1. Af/24 focusing geometry was used for focusing the incident laser
on to the sample in the present studies. A frequency doubled Nd:YAG laser
(Spectra-Physics, INDI 40, 532 nm, 6 ns, 10 Hz) was used as the excitation
source. Apertures were introduced in the path for beam shaping and calibrated
neutral density filters were used to vary the laser intensity. The thickness of the
sample was chosen to be much smaller than the Rayleigh range of the focused
beam (∼3 mm). The values of beam waist at focus were∼20–30µm with cor-
responding peak intensities in the range∼108 − 109 Wcm−2. A 50–50 beam
splitter introduced immediately after the sample collected the transmitted light
including scattered light. This reflected beam was focused onto detector 1 by
using a large area lens. Detector 1, therefore, detects only the losses due to
linear and nonlinear absorption of the sample. The other half of the transmitted
beam after the beam splitter was collected with a small area lens at far field to
reduce the scattered light falling on detector 2. Hence, detector 2 accounted
for the absorptive as well as scattering losses. The sample and beam splitter
were mounted on a translation stage and detector 1 along with the collection
lens L3. Detector 1 provided the “whole transmitted light” due to the nonlin-
ear absorption alone. Detector 2, kept at the far field, recorded the transmitted
beam minus the scattered beam due to both nonlinear absorption and the non-
linear scattering losses. The scattering at different forward scattering angles ‘θ ’
with beam propagation direction was collected using detector 3. The data were
recorded by scanning the sample across the focus and the transmitted beam
was focused onto the photodiode (FND-100) with a lens. A boxcar averager
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(model SR250) was used for signal averaging, the output of which was fed to
a computer with an analog-to-digital converter (ADC) card. The sample was
translated along the beam propagation direction using a computer controlled
stepper motor.

RESULTS AND DISCUSSION

Three different classes of nanoparticles were investigated to establish the con-
tribution of nonlinear scattering to the optical limiting phenomenon. The first
was co-doped Ag-Cu metal nanoclusters embedded in a silica matrix; the sec-
ond was semiconductor CdS quantum dots dispersed in DMF and the third
being ferroelectric BSO nanoparticles dispersed in polymer film.

(A) Ag-Cu co-doped metal nanoclusters in sol-gel films
Ag-Cu co-doped metal nanoclusters were embedded in SiO2 matrix by sol-
gel technique. All the films exhibited a homogenous distribution of clusters
throughout and the Cu/Ag atomic ratios were intact. The thickness of the
films was 150± 10 nm with size of the nanoclusters varying from 10–50 nm
depending on the ratio of concentration of Cu to Ag. The details of synthesis
and properties of the films used in this study were reported elsewhere [35]. The
on-axis transmittance data collected by detector 2 and the NLS data collected
by detector 3 placed at an angle of 3.3 are shown in Fig. 2. Processes like
inter-band transmission, plasmon absorption, and free-carrier absorption, are
the major contributors to the observed NLAfor these films,11 leading to optical
limiting. Though a weak scattering is observed up to a fluence of 10 Jcm−2, a

FIGURE 2
On-axis nonlinear transmittance and scattering collected at an angle of 3.3◦ from the beam axis
for 1Ag3Cu:SiO2 film.
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dominant NLS is observed at input energies>10 Jcm−2 that can be seen in the
far-field. Albeit the observed nonlinear scattered fluence was<500µJcm−2,
contribution of NLS to the optical limiting was significant at higher input
fluencies. Though the scattered fluence is small compared to the input fluence
it was considerable since the films were only 150 nm thick. We believe that
NLS can be increased significantly by increasing the film thickness.

(B) CdS nanoparticles dispersed in dimethylformamide (DMF)
Semiconductor CdS nanocrystals of 4.5 nm dispersed in dimethylformamide
(DMF) were the second class of nanomaterials studied for the NLS proper-
ties. These nanocrystals were synthesized following the procedure suggested
by Vossmeyeret al. [36] using thioglycerol as capping agent. The optical
limiting and the scattering data recorded by placing the detectors at three posi-
tions, as explained in the experimental section are shown in Fig. 3. The CdS
nanocrystals exhibited strong NLAbehavior at all intensities. At peak fluences
>0.6 Jcm−2 we observed nonlinear scattering along with strong NLA. This is
evident through an enhanced depletion in the transmitted beam intensity col-
lected with detector 2, which is reflected in the transmittance curve illustrated
in Fig. 3. The scattered fluence of the CdS nanocrystals in the forward direc-
tion collected at 5◦ with beam propagation direction using detector 3 is shown
in Fig. 3. The scattered fluence increased with increasing input fluence and is
almost comparable to the losses by NLA at higher intensities. It is observed
that the NLS is conical in nature with the intensity decreasing away from the
center.

FIGURE 3
On-axis nonlinear transmittance and scattering collected at an angle of 5◦ from the beam axis for
CdS dispersed in DMF.
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Dependence of NLS on concentration of the scattering media (CdS
nanocrystals) was also studied. NLS increased with increasing concentra-
tion of the CdS nanocrystals initially and then decreased. This behavior can
be explained by considering the extent of non-uniform heating of the sam-
ple at the focus induced due to the 2PA of CdS nanocrystals present in the
focal volume. This non-uniform heating corresponds to the change in the
effective refractive index difference between (�neff) the two components of
the medium. At lower concentration the nanocrystals are far apart from each
other resulting in uniform heating. As the concentration of CdS increases,
there is corresponding increase in the non-uniform heating until it reaches
a maximum. However, with further increase in the concentration the CdS
nanocrystals move closer to each other, leading to more uniform heating of
the CdS nanocrystals, and the solvent reduces the variation in refractive index
due to the thermal contribution in scattering. Incidentally, the limiting thresh-
old of the CdS nanocrystals had decreased from 1.4 Jcm−2 to 0.4 Jcm−2 with
increase of concentration from 8.65× 10−3 M/L to 10.4 × 10−2 M/L.

The observed scattering behavior was quite interesting in the sense that
no scattering was observed below 0.6 Jcm−2 and at higher fluencies the scat-
tering losses help achieve better limiting thresholds. Thus, CdS nanocrystals
serve as good scatterer at high fluencies, without being damaged due to non-
linear absorption alone. It is apparent that at higher fluencies the losses due
to nonlinear scattering is significantly large, thereby enhancing the optical
limiting by reducing the limiting threshold. Quite interestingly, at higher flu-
encies (>6.0 J/cm2), the forward conical scattering appeared as circular optical
fringes in the transverse plane to the beam propagation direction at a far field.
Similar formation of optical fringes were reported [37], when an intense laser
beam passes through nanocrystallites as the refractive index of the material
can be altered by the intensity of the laser beam.

(C) BSO nanocrystals dispersed in PMMA
The BSO (Bi12SiO20) nanocrystals were prepared by chemical solution
decomposition (CSD) method using bismuth nitrite pentahydrite and tetra
ethylorthosilicate as the starting precursors. The obtained sol was calcined
followed by grinding. The powders were calcined after thorough grinding
at 650 and 700◦C to obtain the nanoparticles that were dispersed in PMMA.
The characterization of BSO nanocrystals was carried out using different tech-
niques such as UV-Vis absorption spectroscopy, X-Ray Diffraction (XRD) and
Scanning Electron Microscopy (SEM). The absorption spectrum had a peak
at∼270 nm, indicating that the band gap of the BSO nanocrystals is∼4.6 eV,
while the band gap of the BSO single crystals is∼3.25 eV [38–40]. Size
of the nanocrystals estimated from width of the XRD peaks were 62± 3 nm.
These nanocrystals were dispersed in different solutions for further characteri-
zation. Scanning Electron Microscopy (SEM) images revealed agglomeration
of the particles forming clusters of 120–500 nm. Of the various solutions and
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FIGURE 4
Optical limiting curve for BSO nanocrystals dispersed in PMMA. Arrow represents the damage
threshold of the film∼4 Jcm−2.

dispersive matrices used, PMMAproved to be a better dispersive media giving
relatively smaller size agglomerates. Optical limiting properties of the BSO
nanocrystals dispersed in PMMA were studied.

The transmittance of BSO nanocrystals dispersed in PMMA is shown in
Fig. 4. BSO nanoparticles demonstrated a good optical limiting response with a
limiting threshold of∼0.1 Jcm−2. Adominant NLS was observed for energies
>0.3 Jcm−2 and the film damaged for fluences>4 Jcm−2. Figure 5 shows
the far-field scattering distribution in the transmitted light through the film
containing BSO nanocrystals.As the incident 532 nm photon energy is 2.33 eV,
and the band gap of BSO nanoparticles being 4.6 eV corresponding to the
absorption peak at 270 nm, 2PA is the most plausible absorptive mechanism
leading to the observed optical limiting behavior. Of the various mechanisms,
TPA and NLS are observed to be the major contributors leading to the optical
limiting behavior.

The observed NLS in the nanomaterials were accounted by considering
the difference in the effective linear and nonlinear refractive indices of both
the nanoparticles and the dispersing media. As the nanoparticles showed
strong nonlinear absorption, the nonlinear refractive index had a strong ther-
mal contribution at higher fluences that increases with increasing fluence,
due to the thermalization of the nanoparticles [41]. Resonant excitation with
longer pulses is known to result in thermally induced transient refractive index
changes, in turn depending on the thermo-optic co-efficient, the input fluence
and the medium density [34].

�nth = n2eff = (dn/dt) (F0α/2ρ0Cp);
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FIGURE 5
Snapshot of the transmitted beam showing the distribution of the scattering in the transmitted
light through the BSO nanocrystals dispersed in PMMA film.

wheredn/dt is the thermo-optic coefficient,F0 is the light fluence,Cp is
the specific heat of the nanoparticles, the medium density, 1/2 comes from
the fluence averaging, andα is the nonlinear absorption coefficient of the
nanoparticles.

Different mechanisms were reported leading to nonlinear scattering in vari-
ety of materials [20–33]. In a medium consisting of two components at low
energy, the medium is rendered homogenous by a good refractive index match-
ing between the two components, whereas at high energy, the intense laser light
propagating through the medium makes it a heterogeneous scattering medium
because of the photo-induced refractive index mismatch between the two com-
ponents. In the case of nanoparticles, nonlinear scattering phenomenon is
proposed to be due to induced pseudo-absorbance to the vaporization or frag-
mentation of the metal nanoparticles inducing a large light-scattering center
around the initial particles. Such vaporization or fragmentation induced by a
thermal effect has been reported earlier [26, 27, 42–44]. The energy concen-
trated in each particle and available to form the scattering centers is more in the
nanoclusters of larger size, and size of the induced scattering centers increase
with time to reach a maximum, leading to more nonlinear scattering. In case
of nanoclusters suspended in solutions, at high fluences the scattering centers
produces more numerous fragments confined in the same scattering center.
This increases the probability of recombination with the solvent and a more
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efficient cooling of the scattering centers. Such effects can be efficient in case
of nanoclusters in solution state, where as in thin films such a process can lead
to an irreversible damage, which was observed at higher fluences. We have
observed surface damage at the fluence near 75 Jcm−2 where the transmission
reduced drastically and the films underwent irreversible damage. Observed
scattering was due to the metal nanoclusters and not due to the damage of
the film, as sol-gel films are well known to remain stable up to the very high
fluences, as high as 300 Jcm−2 in the nanosecond regime [45].

In the case of the nanoparticles in solution state, NLS is very high com-
pared to that from films even at lower input fluences. Although nanoclusters
dispersed in solution have an advantage of showing NLS comparable to NLA
at lower input fluences, they suffer from low damage threshold. While the
films exhibit NLS only at higher input fluences they possess higher damage
threshold. As the preparation of thick films containing uniformly dispersed
nanoparticles is a challenge in itself, nanoparticles in solution state would
be ideal candidates for NLS purposes at lower input fluences. Nanoclusters
dispersed in viscous solutions or polymer solutions may offer better NLS and
provide advantage offered by both solution state and films.

CONCLUSIONS

To summarize, contribution of nonlinear scattering (NLS) from three different
classes of nanoparticles dispersed in different media to the optical limiting is
presented. Dependence of NLS on the input fluence, difference of refractive
indices of the two components, concentration of scatterer is discussed. NLS
has been found to enhance the damage threshold of the studied systems.
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