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ABSTRACT: Nonlinear optical interaction is crucial to all-
optical signal processing. In metallic nanostructures, both
linear and nonlinear optical interactions can be greatly
enhanced by surface plasmon resonance (SPR). In the last
few decades, saturation and reverse saturation of absorption in
plasmonic materials have been unraveled. It is known that
scattering is one of the fundamental light—matter interactions
and is particularly strong in metallic nanoparticles due to SPR.
However, previous methods measure response from ensemble
of nanoparticles and did not characterize scattering on a single
particle basis. Here we report that backscattering from an
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isolated gold nanoparticle exhibits not only saturation, but also reverse saturation. Wavelength-dependent and intensity-
dependent studies reveal that nonlinear scattering is dominated by SPR and shares a similar physical origin with nonlinear
absorption. The reversibility and repeatability of saturable scattering (SS) and reverse saturable scattering (RSS) are validated via
repetitive excitation on the same set of particles. Compared to fluorescence, our novel discovery of single-particle-based SS and
RSS does not suffer from bleaching and can be used as a more robust contrast agent for optical microscopy. Under a reflection
confocal microscope, interesting point-spread functions are observed, with full-width-of-half-maximum of central and side lobes
reduced to 4/S and 1/13, showing great potential for superresolution microscopy.
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resolution

he study of plasmonics has recently attracted extensive
interest because it provides light manipulation capability
on a nanometer scale for photonic integrated circuits, nano
laser, biosensing, and near-field super-resolution imaging
applications.'~* Adding nonlinearity to the field of plasmonics
enables even more application possibilities. Typically, metal
possess much larger third-order nonlinearity than dielectric
materials. For example, the Kerr coefficient of gold is about
107 esu, which is 10° times more than fused silica.” A very nice
recent review of nonlinear plasmonics can be found here.’ One
of the most studied nonlinearities in plasmonic materials is
saturable absorption (SA), that is, the absorption coefficient
becomes smaller when the excitation intensity increases.”®
Interestingly, when the excitation intensity further increases, the
absorption coeflicient would rise up again, showing the effect of
reverse saturable absorption (RSA).”™ The SA and RSA
properties can be applied to optical switching and optical
limiting, and has found applications in all-optical signal
processing.11
However, most of the previous SA and RSA experiments
were carried out using a z-scan technique as ensemble
measurement in bulk materials, where plasmonic particles
were embedded in dielectric media. It is very difficult to identify
absorption from a single plasmonic particle with conventional
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z-scan technique, unless with a sophisticated setup under an
optical microscope.'?

To determine the optical response of a single nanoparticle,
we note that when light illuminates a metal film, most of the
light is not absorbed, but reflected. This is very similar to the
case of plasmonic nanoparticle, whose scattering is extraordi-
narily strong. It is known that the scattering of a single
plasmonic particle can be easily detected under a microscope,
with a dark-field or a reflection confocal scheme. In addition, in
plasmonic nanopartlcles, the absorption and scattering are
linked via Mie theory."® Therefore, the aim of this work is to
characterize the nonlinearity of scattering from an isolated
plasmonic nanoparticle. We found that backscattering of a
single gold nanoparticle exhibit both saturation and reverse
saturation behaviors. In addition, under a confocal microscope,
very interesting shape change of point-spread-function (PSF)
was observed due to the nonlinearity of scattering. The width of
the PSF is significantly reduced, showing great potential for
high-resolution microscopy.

Under the constraint of dipolar oscillation of the free
electrons in the conduction band, the absorption cross-section
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from a plasmonic nanoparticle can be determined by classical
Mie theory as'?
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where k is the wave vector, r is the radius of particle, €, is the

dielectric constant of the particle, and ¢, is the dielectric
constant of the surrounding medium. On the other hand, the
scattering cross-section can be written as
2
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What conventional z-scan measured is in fact the extinction,
which combines both absorption and scattering. Qualitatively,
when the plasmon absorption band “bleaches” (ie., hot
electrons modify the dielectric properties of nanoparticle),'*
the refractive index of the nanoparticle changes, resulting in the
saturation of absorption. Since the equation of scattering cross-
section contains the same terms with the equation of
absorption cross-section, it is natural to expect saturation of
scattering when the absorption starts to saturate. It should be
emphasized that compared to z-scan, which measures collective
behavior of nanoparticles and mixed the contribution of
scattering loss and absorption loss together, here we determine
pure back-scattered signal on a single particle basis.

The experimental setup is a standard reflection confocal
laser-scanning microscope (CLSM). To compare the wave-
length dependence of scattering saturation, four continuous-
wave laser sources are used, with wavelengths at 405, 532, 561,
and 671 nm. Two-dimensional raster scanning was achieved
with a set of galvo-mirrors. An oil-immersion 60X objective
with numerical aperture (NA) equal to 1.42 is used for both
excitation and collection of scattering signals. The scattering
signal was detected by a photomultiplier tube (PMT) after a
pinhole, and images were formed by synchronizing the PMT
signal and the scanner.

Figure la shows the white-light backscattering spectrum of a
single 80 nm gold nanoparticle in oil. A clear plasmonic peak is
observed around 570 nm, which matches very well to the Mie
theory prediction. We have tried several different wavelengths
as excitation sources to examine the nonlinearity of scattering.
The scattering of an individual particle is measured under a
reflection confocal microscope. Among the wavelengths, 405
nm is outside the plasmonic band, 671 nm locates around the
tail of the plasmonic band, 532 nm is close to the plasmonic
resonance peak, and 561 nm is almost right on the peak. The
intensity dependence of scattering versus excitation with 561
nm excitation is shown in Figure 1b, where the trend of
saturation and reverse saturation is evident. The inset of Figure
1b provides the spectrum of backward signal measured right in
front of the PMT. Only a narrow peak at 561 nm is observed,
ensuring no luminescence component in our experiment.

To compare with experimental results of saturable
absorption,” where transmittance (ratio of transmitted power
over incident power) is measured, we used the scattering cross-
section, which is proportional to the ratio of scattering over
excitation intensity, to quantify the results, as shown in Figure
lc. In both Figures 1b and ¢, when laser intensity is less than
10° W/cm? scattering intensity is linearly dependent on
excitation intensity, as shown by the blue dashed lines. When
laser intensity increases over 10° W/ cmz, the scattering cross-
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Figure 1. (a) White-light backscattering spectrum of an individual 80
nm gold nanoparticle, showing SPR peak around 550 nm. The green
circles are experimentally measured data, and the blue solid line
represents simulation based on Mie theory. (b) The red circles present
nonlinear dependence of scattering on 561 nm excitation. When the
excitation intensity is low, the scattering intensity is linearly
proportional to excitation intensity. When the excitation intensity
exceeds 2 X 10° W/cm?, scattering deviates from linear trend, which is
depicted by the blue dashed line. When the excitation intensity is
higher than 10° W/cm? the scattering quickly increases to exceed the
linear trend, showing the reverse saturation of scattering. The green
line is the theoretical fitting based on nonlinear scattering equation I,
= al + BP + yP. The inset shows the backward spectrum from a single
nanoparticle measured in front of the PMT. Only backscattering with a
narrow line width is observed. (c) The normalized scattering cross-
section variation versus 561 nm excitation intensity. If scattering is
linearly proportional to excitation, the scattering cross-section should
be fixed at unity, as shown by the blue dashed line. Saturation is
obvious when the data points deviates from the blue dashed line. An
arrow shows the position of the saturation intensity I, which is defined
as the excitation intensity that makes the scattering cross-section
becomes half of the small-signal value (shown by the black dotted
line). (d) Saturation intensity with different excitation wavelengths,
manifesting that saturation of scattering is dominated by SPR
properties.

section quickly decreases, indicating the saturation of scattering.
In Figure lc, an arrow shows the location of the saturation
intensity, which is defined as the excitation intensity that makes
scattering cross-section becomes half of the small-signal value.
The saturation intensities of different wavelengths are marked
in Figure 1d. It is obvious that the closer the excitation
wavelength to the plasmonic resonance peak, the smaller is the
required saturation intensity. It is interesting to notice that,
although 405 nm laser exhibits strong attenuation for 80 nm
gold nanoparticles, there is no saturation behavior at all for this
wavelength, even up to the intensity of S X 10" W/cm? We
believe it is because 405 nm is located outside the SPR band.
The result suggests that saturable scattering (SS) is dominated
by plasmon resonance of the gold nanoparticles.

Back to Figure 1b, in the region between 2 X 10° and 4 X 10°
W/cm?, the scattering intensity has deviated from linear trend,
but it still grows upward. However, in the range of 4 X 10° to 7
X 10° W/cm? the scattering intensity actually drops with
increasing excitation intensity. The vertex occurs around 10°
W/cm? where the scattering intensity in Figure 1b and the
scattering cross-section in Figure Ic start to increase, presenting
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the onset of reverse saturable scattering (RSS). The slope
quickly increases, and the scattering cross-section surpasses one
around 2 X 10° W/cm?.

The curve indicates interplay of mechanisms for SS and RSS
and looks very similar to the result of SA and RSA in the
literature™" (see Figure 3b in ref 9 and Figure 4b in ref 15 by
flipping their vertical axis as [1 — transmission]). It has been
suggested that the physical origin of SA (or enhanced
transmission) is “bleaching” of glasmon absorption due to
hot electron generation by light," resulting in modification of
the dielectric function of the nanoparticle, and thus the
corresponding scattering is also saturated.

On the other hand, the possible mechanisms of RSA (or
reduced transmission) include photodegradation of the
nanostructure,'® the transient absorption from the free
carriers,">'” and the enhanced light scattering process.'® In
the photodegradation mechanism, the transmission at a
particular wavelength is reduced because the particle is
degraded and SPR shifts. However, in this previous experiment,
both nanorods and nanospheres were examined, and
degradation is only observed with nanorods. Besides, we have
confirmed that our SA and RSA are perfectly reversible and
repeatable on a single nanosphere basis (see Figure 4), so we
should exclude the photodegrade possibility. Another possi-
bility is the transient two-photon absorption from free carriers.
However, because there is no detectable two-photon
luminescence in our result (see inset of Figure 1b), two-
photon absorption is unlikely to be the dominating factor here.
Note that in these earlier works, no measurement of scattering
was performed. Our result provides direct evidence that
scattering is significantly enhanced on a single-particle basis.
According to our result in Figure lc, in the RSS region,
scattering cross-section becomes larger than the small signal
value when excitation intensity is high. Since we detect
backscattering, the stronger the scattering, the lower is the
transmission. Therefore, our work offers a strong support to the
explanation of reduced transmission based on enhanced light
scattering at high intensity.

Similar to the analysis of SA and RSA,’ we introduce
nonlinearities into the scattering intensity equation, I, = al +
Pr* + yP + HOT, where I, and I are the scattering and
excitation intensities, respectively; a is linear scattering
coefficient; f and y are nonlinear scattering coefficients,
respectively; and HOT are higher-order terms that are not
significant here. By fitting the data points, as shown by the
green line in Figure 1b, we can quantitatively determine the
relative values of B/a as 1.7 X 107% cm?/W and y/a as 9.4 X
107" cm*/W?, respectively. Compared to a saturable
absorption report of gold nanoparticles with similar size,"
the value of second order nonlinear absorption coeflicient B,
is in the range of 1077—107'" cm/W. Since the typical value of
linear absorption ay, is on the order of 0.1 cm, the ratio of 3,/
@y is among 107°—10"° cm?/W. So our value of scattering
based B/a fits into the value derived from absorption-based
measurement, suggesting that SA and SS shares similar physical
origin.

Different from an absorption measurement, which is typically
carried out in forward collection scheme as an ensemble effect,
scattering signals can be collected in the backward direction,
and individual particles can be easily identified under a CLSM.
Figure 2 shows the variation of PSF of backscattering signal at
the focus of a CLSM with increasing excitation intensity at 561
nm. In Figure 2a, the left panel is an image showing several
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Figure 2. PSF of scattering from isolated gold nanoparticles evolves
with increasing excitation intensity. The left column shows back-
scattering images and the right column gives the signal profile of a
selected nanoparticle (white dashed line). The red circles are
experimental values and green lines are Gaussian fitting. (a) When
the excitation intensity is low, the PSF fits well to a Gaussian profile.
(b) As the intensity is higher than 10° W/cm?, the top of PSF becomes
flattened, manifesting the onset of saturation. (c) With intensity keeps
increasing, the saturation effect is stronger, resulting in the very
interesting PSF that the center is lower than peripheral. The widths of
the side lobes are about 40 nm. (d) When the intensity is higher than
10° W/cm?, the scattering signal at the center of PSF increases again,
revealing the onset of reverse saturation. (e) The reverse saturated
scattering quickly dominates the PSF as the excitation continues to
increase. The FWHM of the reverse saturated part is about 100 nm,
showing great potential for high-resolution microscopy. Scale bar: 500
nm.

isolated gold nanoparticles with 80 nm diameter, and the right
panel is an intensity profile corresponding to the white dashed
line in the left panel. When laser intensity is less than 10° W/
cm?, no saturation of scattering is expected, so the PSF fits well
to a Gaussian profile. In Figure 2b, the laser intensity at the
peak is slightly higher than 10° W/cm?, where saturation starts
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to occur according to Figure 1b. Since only the intensity at the
central part of PSF is high enough to induce saturation, the
result of such a slight nonlinear effect is a flat top in the PSF, as
we can see in the right panel of Figure 2b. Outside the center of
focus, the peripheral part of the PSF still follows very well to a
Gaussian profile.

When the peak intensity is increased to 5 X 10° W/cm?, the
scattering signal is in fact slightly reduced, producing a valley in
the center of PSF. This result is in good agreement to Figure
1b. It is very interesting to notice that the side lobe of the valley
exhibits a full-width-at-half-maximum (FWHM) around 40 nm,
which is 4.5 times smaller than FWHM of the PSF in Figure 2a.
In Figure 2d, where the peak intensity doubles and reaches the
threshold for RSS, a clear increase of scattering signal is
observed in the center of PSF. Note that the side lobe is still as
narrow as in Figure 2c. In Figure 2e, the laser intensity reaches
2 X 10° W/cm?, which is equivalent to less than 2 mW laser
power at focus. Strong RSS is observed in the center of PSF. At
this intensity, the RSS dominates the response, and the FWHM
of the corresponding PSF is reduced to less than 100 nm,
showing great potential in high-resolution microscopy.

The change of PSF in spatial domain can be deduced by a
concept similar to transfer function, which links input and
output. In this study, the connection between excitation
intensity (input) and scattering intensity (output) is given in
Figure 1b, which acts as a transfer function. The laser excitation
intensity distribution in spatial domain is a Gaussian
distribution, and thus with a given peak intensity, the excitation
intensity at each spatial pixel is well-defined. The back-
scattering PSF can then be obtained by substituting the
excitation intensity distribution into the transfer function and
calculating the corresponding output scattering signal at each
pixel. A theoretical set of curves with different excitation
intensities is shown in Figure 3, which nicely reproduces our
observation in Figure 2.

Recently, there have been great successes in enhancing
resolution of optical microscopy that can overcome a diffraction
limit by exploiting the switching or saturation of fluores-
cence.”*”** However, fluorescence suffers from photobleaching.
On the other hand, scattering provides an attractive alternative
contrast agent since it does not bleach. One possible direction
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Figure 3. Using Figure 1b as a transfer function and using Gaussian
intensity distribution with different peak intensities, the variation of
PSF can be nicely reproduced.
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is to combine SS and RSS with saturation-based super-
resolution techniques, such as saturation excitation (SAX)
microscopy™ and saturated structured illumination microscopy
(SSIM).**

To facilitate the imaging possibility, one major issue is the
reversibility and repeatability of the saturation effect, because
we used a relatively strong laser intensity to achieve saturation
of scattering. In Figure 4, we demonstrate that the SS and RSS
effects are not only reversible, but also repeatable on a single
particle basis. To test the reversibility, we first increase the laser
power to near 10° W/cm? so clear mountain-shaped point
spread functions are seen in multiple particles in the first panel
of Figure 4. Then the laser intensity gradually reduced to less
than 10° W/cm? where the particle profiles come back to
Gaussian, as shown in the middle row of Figure 4. This
demonstrates that the saturation and reverse saturation of
scattering is reversible. In the bottom row of Figure 4, the
intensity is increased to 10° W/cm? again with the same set of
particles. Clearly, we can see the PSFs evolve from flat-hat, to
donut, to mountain shape, and finally to a narrow bright central
lobe, manifesting that SS and RSS are repeatable on a single
particle basis.

It is known that SA and RSA can be applied to all-optical
signal processing. However, most previous SA and RSA
experiments in plasmonic materials are performed with
ensemble measurements. In this paper, we have suggested
that the physical origin of SS and RSS is similar to that of SA
and RSA, so SS and RSS should be applicable to all-optical
signal processing with similar intensity levels of SA and RSA.
The main advantage of SS and RSS over SA and RSA for signal
processing is that the measurement of the former can be
performed on a single particle basis. Single-particle SA has also
been realized, but it requires a rather complicated setup.'> With
the reversibility and repeatability shown in Figure 4, we believe
that SS and RSS of plasmonic particles will soon find
applications in optical nanoscopy and all-optical signal
processing on a nanometer scale.

As a final remark, it is interesting to notice that the value of
saturation intensity in our experiment, which uses continuous-
wave lasers, corresponds well to the value of SA with
continuous-wave lasers.'” But in the literature, the saturation
intensity for SA induced by continuous-wave lasers seems to be
much lower than that induced by femtosecond lasers.” It is
known that the value of third-order susceptibility of gold
nanoparticles measured with 70 ps pulses is around 30 times
larger than the value measured with 200 fs pulses,” indicating
that hot- electron nonlinearity requires at least a few
picoseconds to rise. Therefore, it is not surprising that the
saturation intensity of SA or SS is smaller with continuous-wave
lasers. More detailed time-resolved experiments with femto-
second lasers will provide better insight for the mechanism of
SS and RSS.

In summary, we have found that scattering from an isolated
gold nanoparticle exhibits saturation and reverse saturation
behaviors. A wavelength-dependent study reveals that the
saturable scattering is governed by the SPR property of the
nanoparticle. The nonlinear intensity dependency of scattering
is analogous to the intensity dependence of absorption,
manifesting that nonlinear scattering and nonlinear absorption
share similar physical origins, including bleaching of ground-
state plasmon absorption and subsequent enhanced scattering
process. We demonstrated that the nonlinear behaviors of
scattering dramatically change the PSF under a CLSM, and the
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Figure 4. Reversible and repeatable SS and RSS effects. The numbers in each frame indicate the excitation intensity in W/cm?

nonlinear behaviors are reversible and reproducible. Our work
presents a novel nonlinear phenomenon in fundamental light—
matter interaction and will be potentially useful to nano-
photonic applications as well as high-resolution microscopy.
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