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Laser-induced linear dichroism in planar self-organized silver
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A method for obtaining metallic plasmonic nanostructures with linear dichroism, based on the method of burning
out constant spectral dips, is proposed. Isotropic granular silver films obtained by physical vapor deposition in
vacuum were irradiated with linearly polarized laser radiation in the spectral region of the plasmon resonance of
their constituent nanoparticles. As a result of irradiation, the silver nanostructures change their sizes and shapes, and
the films acquire a pronounced linear dichroism. Both the magnitude and the spectrum of linear dichroism depend
on the state of the isotropic film before irradiation, which can be changed by heat treatment. For the unannealed
films the dichroism does not change the sign over the entire spectral range studied and corresponds to the expected
increase in the depth of the spectral dip for the light polarized parallel to the laser radiation polarization plane. For
the annealed films, which consist of more distinctly formed and better separated nanoparticles, the dichroism value
is greater, and the spectrum turns out to be sign-changing. The appearance of linear dichroism after laser irradiation
is due to the differences in the change in the shape and size of the initially anisotropic nanoparticles that make up
an isotropic film as a whole, depending on their orientation relative to the polarization plane of the laser beam.
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Introduction

The optical properties of metal nanoparticles are mainly
determined by localized surface plasmon resonance —
collective vibrations of conduction electrons about the ion
core [1]. The position of the plasmon resonance depends
on the size, shape, spatial arrangement of nanoparticles and
the dielectric environment [2,3]. For spherical nanoparticles
of the most widely used plasmonic metals (gold, silver, and
copper), the plasmon resonance is in the visible range, with
the fundamental dipole vibration being triply degenerate.
When the shape of nanoparticles deviates from spherical,
the plasmon absorption band splits. Metal nanorods are
a striking example, which have two absorption bands
corresponding to the excitation of plasmon resonance along
and across the rod [4,5]. The degeneracy is also removed
when a spherical nanoparticle approaches the boundary of
two media [6]. The shift of the plasmon resonance can also
be due to the interaction between particles, which leads to
the dependence of resonant frequencies on the period in
ordered arrays of nanoparticles located on the surface of
dielectrics [7].

The deviation of the shape of a metal nanoparticle
from a spherical one leads not only to a change in the
resonant frequencies of plasmon oscillations, but also to a
dependence of the absorption spectra on the orientation
of the particle with respect to the polarization of the
incident light. Recently, the linear and circular dichroism
of plasmonic nanoparticles and nanostructures has been

actively studied [8-10]. The relevance of such research is
associated with the creation of metasurfaces for controlling
the polarization of light, modulators, data storage devices,
encryption, polarized light spectroscopy and optical infor-
mation processing.

The greatest value of linear and circular dichroism is
currently achieved for metal metasurfaces obtained by
lithographic methods [11-13]. The high cost and small
processing area make these structures still of little use
for large-scale production. Therefore, the search for new
methods for obtaining metal plasmonic structures with the
necessary characteristics is an urgent task.

In this study we propose a method for modifying
metal nanostructures using high-power linearly polarized
radiation. The method consists in burning dips in inhomoge-
neously broadened spectra of plasmonic nanostructures [14].
When applied to ensembles of metal nanoparticles, the hole
burning method has a number of features, since under
the action of laser radiation, resonant particles are heated
and, depending on the heating intensity, change their shape
and/or size, and also lose mass due to evaporation. This
leads to corresponding changes in the absorption spectra.
The action of polarized radiation on anisotropic particles
depends not only on their size and shape, but also on their
orientation. Therefore, the spectral dips for differently polar-
ized radiation turn out to be unequal, which is manifested
in the dichroism spectra. The present study is devoted
to the study of the difference in light transmission during
probing by radiation polarized collinearly and orthogonally
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Energy density during irradiation of samples

Sample Energy density, mJ/cm?
w/0 0
1 4
2 8
3 14
4 21
5 29
6 41
7 50

to laser radiation, i.e. induced linear dichroism of silver

nanostructures.

1. Methods and materials

Granular silver films were obtained by the physical
deposition of silver vapor (99.99%) on the surface of glass
substrates (SP-7101) in a PVD-75 vacuum chamber (Kurt
J. Lesker). Equivalent film thickness — 12 nm, deposition
rate — 0.5 A/s, substrate temperature — room temperature,
residual vapor pressure in the chamber 5-10~7 Torr.
After deposition, some samples were subjected to thermal
annealing at a temperature of 200°C for one hour.

After deposition, the samples were irradiated with the
second harmonic of a picosecond Nd:YAG laser (EXPLA
PL2143) with linear polarization: wavelength 4 = 532nm
pulse duration 7 = 30 ps, pulse repetition rate v = 10 Hz,
energy density from 4 to 50 mJ/cm? (table). The laser beam
diameter was 500 um.

In the course of irradiation, laser radiation was scanned
over the surface using a two-coordinate precision stage
(ThorLabs) at a speed of 1mm/s. The irradiated surface
area was 0.49 cm?,

Before and after irradiation, the optical density spectra
of the samples and the linear dichroism spectra were
measured using a circular and linear dichroism spectrometer
(Jacso-1500) with probing radiation polarized collinearly
and orthogonally to the laser radiation. The intensity of
the probing radiation was incommensurably lower than
the intensity of the laser radiation and did not lead to
any changes in the films. The linear dichroism spectra
are shown as LD = OD| —OD,, where OD| — is the
optical density for light polarization parallel to the laser
radiation polarization, and OD; — perpendicular to it.
The morphology of the samples was studied using scanning
electron microscopy (SEM) Merlin (Zeiss).

2. Experimental results

As a result of vacuum deposition of silver, complex
labyrinth structures are formed on the substrate surface
(Fig. 1,a). As can be seen from Fig. 1,5, subsequent an-
nealing of the silver film at 200°C leads to the formation of
individual nanoparticles that differ in shape and orientation.

Figure 1. Electron microscopic image of a granular silver film
formed on a glass surface before (a) and after (b) annealing at
200°C. The equivalent film thickness is 12 nm.

Figure 2 shows the optical density spectra of silver
nanostructures immediately after deposition (Fig. 2,a —
red curve) and after annealing (Fig. 2,b — red curve).
Unannealed films are characterized by a weakly pronounced
broad plasmon resonance band, which is due to the complex
shape of metal nanoparticles and their interaction due to
their close proximity to each other [15]. Annealing leads to
a narrowing of the absorption spectrum and the formation
of a pronounced plasmon resonance band. The width of the
plasmon absorption spectrum is due to the large spread of
nanoparticles in shape and size.

Laser radiation enters the long-wavelength shoulder of
the plasmon resonance of the annealed film and the short-
wavelength shoulder of the unannealed film. Figure 2 shows
the optical density spectra of samples after irradiation with
laser pulses with different energy densities. Heating and
evaporation of silver leads to a decrease in the optical
density of unannealed films with an increase in the radiation
intensity in the entire spectral range. For annealed films, in
addition to a decrease in optical density, a short-wavelength
shift of the plasmon resonance is observed. A significant
change in the optical density can be associated with the
processes of ablation of metal nanoparticles under the action
of intense laser pulses.
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wavelength, which corresponds to a higher transmission of
light polarized collinearly to the laser radiation polarization.
Figure 3, b shows the values of linear dichroism as a function
of the radiation energy density at a wavelength of 532 nm.
The highest value of linear dichroism LD = —0.01 was
achieved at the laser radiation energy density 21 mJ/cm?,
above which the linear dichroism signal began to decline.
When irradiated with laser pulses with a higher energy
density, the film becomes thinner, and the dichroism
decreases along with the optical density.

The linear dichroism spectrum of the annealed films is
sign-changing with a sign change on both sides of the
laser radiation wavelength (Fig. 4,a). The dependence
of linear dichroism on the radiation energy density was
also investigated, as shown in Fig. 4,b. The maximum
value of the linear dichroism of the annealed films at a
wavelength of 532 nm is 2.5 times greater than that of the
films not annealed at the same laser pulse energies. The

Wavelength, nm

Figure 2. Change in the optical density of silver films under the
action of laser irradiation: unannealed film (a), film annealed at
200°C (b). w/0 — before irradiation (red curves), /-7 — after
irradiation with increasing pulse energy density (/ — minimum
energy, 7 — maximum). The inserts show photographs of the
samples.

In addition to spectral changes, the action of linearly
polarized laser radiation leads to unequal absorption of light
polarized parallel and perpendicular to the polarization of
the laser beam. Figures 3 and 4 show the linear dichroism
spectra of the samples at various laser radiation energies.
Before irradiation, the linear dichroism signal is close to
zero for all samples.

Laser irradiation leads to an increase in the linear
dichroism signal with increasing laser radiation energy. In all
cases, the main features are observed at wavelengths close to
laser radiation. However, there are fundamental differences
between the linear dichroism spectra for unannealed and
annealed films.

In the linear dichroism spectra of unannealed films
(Fig. 3,a) one broad peak is observed at the laser radiation
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Figure 3. a — linear dichroism spectra of unannealed silver
films before (w/0) and after irradiation with increasing laser pulse
energy (I-7). b — dependence of linear dichroism at a wavelength
of 532 nm on the energy density of laser pulses.
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Figure 4. a — linear dichroism spectra of silver nanostructures
before (w/0) and after irradiation (/-7). b — dependence of
linear dichroism at a wavelength of 532nm on the energy density
of laser pulses.

signal maximum (LD = —0.035) is somewhat shifted to the
shortwave region relative to the laser radiation wavelength,
with a slight shortwave shift with increasing pulse energy,
while the shortwave and longwave peaks of the opposite
sign shift to shortwave and longwave with increasing laser
pulse energy. region of the spectrum, respectively.

3. Discussion

As mentioned above, laser radiation selectively heats
particles for which the plasmon resonance coincides with
the radiation wavelength. In this case, a dip appears in the
optical density spectra at the wavelength of laser radiation.
If the particles are anisotropic, and the laser radiation
that causes heating and modification of the particles is
linearly polarized, then the depth of the dip depends on
the orientation of the particles relative to the plane of

polarization of the radiation. This means that for weak
probing radiation, the ensemble of particles after irradiation
will exhibit linear dichroism. In the case of anisotropic
particles of a fairly simple shape, for example, nanorods,
the interaction with light turns out to be maximum when
the light is polarized along the nanorod axis [16]. Linear
dichroism was also observed in more complex particles
with rotational axes of the third order [17].  Several
spectral modes of plasmon resonance are excited in such
particles, corresponding to various ,,inhomogeneities* of a
large particle.

In this study, two cases were considered. The first one —
unannealed films — corresponds to complex structures,
for which plasmonic properties are determined by small
roughness, interaction between closely spaced particles and,
by analogy with metasurfaces, holes in the film. In this case,
due to such complexity, each structural element can corre-
spond to several plasmon modes at different frequencies,
and a very wide extinction spectrum is characteristic. Laser
radiation will interact immediately with many different
particles, the maximum interaction will be for particles and
structures in which both the wavelength of the plasmon
resonance coincides with the wavelength of the radiation,
and the orientation relative to the polarization of light.

At sufficiently low energies, the interaction of laser
radiation with nanoparticles is similar to thermal interaction,
as a result of which the shape of the particles changes and
they become more rounded, i.e. their anisotropic properties
decrease. A further increase in energy leads to such effects
as fragmentation of metal particles and their ablation [18-
20]. In our case, ablation plays an important role, since the
optical density decreases significantly with increasing pulse
energy. Both processes lead to a selective change in the
film morphology and the appearance of linear dichroism,
which reaches a maximum at laser pulse energy densities
of the order of 20—25mJ/cm?. With a further increase
in energy, laser radiation interacts more and more with
the long-wavelength shoulder of the absorption band of
nonresonant particles, changing the overall morphology of
the film due to ablation processes. This leads to a cardinal
decrease in the extinction of the samples (Fig. 2) and a
decrease in linear dichroism (Fig. 3).

In the case of annealed samples, the maximum dichroism
of the irradiated films is greater, and the differential
absorption spectrum is more complex. First, the maximum
value of linear dichroism 0.035 is reached not exactly at
the wavelength of laser radiation. The maximum is shifted
towards the center of the plasmonic absorption band, since
the plasmon band in the annealed film is more pronounced
than in the case of the unannealed film. Second, far
from the laser radiation wavelength, the sign of linear
dichroism turns out to be opposite to that expected from
the point of view of the predominant burning of resonant
particles. To interpret the discovered phenomenon, it is
necessary to take into account more complex processes that
accompany the burning of resonant particles, in particular,
the fragmentation of large particles considered in [21,22].
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If the discontinuity occurs in the direction of polarization
of the acting radiation, then the closely spaced fragments
formed will provide increased absorption of radiation. On
the other hand, the melting of an elongated particle leads
not only to a decrease in the absorption of light of the
corresponding polarization at the resonant frequency, but
also to the appearance of a particle that resonantly absorbs
radiation of the same polarization, but already in the short-
wavelength region. Without entering here into a detailed
consideration of various mechanisms that can result in the
formation of an excess of particles that absorb radiation
of the same polarization as the acting laser radiation, we
note that it is necessary to describe in detail the shape
of nanoparticles, since even in the simplest model of a
nanoscale triaxial frequency ellipsoid plasmon excitations
depend on the ratio of all three semiaxes, which was used
above.

Conclusion

The possibility of creating linear dichroism in an isotropic
granular metal film under the action of intense linearly
polarized radiation, the frequency of which falls into
the plasmon absorption band of nanoparticles constituting
the film, has been experimentally demonstrated. —The
appearance of anisotropy is caused by the selectivity of
light exposure, depending not only on the frequencies of
collective electronic excitations of individual particles, but
also on their orientation relative to the radiation polarization
plane.

With an increase in the irradiation intensity, the dichroism
of the irradiated film increases to a certain limit, after which
a decrease begins due to the complete ablation of the mate-
rial at high pulse energies. The method of burning spectral
dips used made it possible to obtain silver nanostructures
with a difference in optical densities with respect to light
with mutually perpendicular polarization directions equal
to 0.035. Despite the relatively small magnitude of the
detected effect, the possibility of inducing anisotropy by
light in initially isotropic self-organized metal nanostructures
is of fundamental interest and opens up the possibility of
obtaining plasmonic nanostructures with various types of
anisotropy of optical properties over large areas without
using low-performance and expensive methods of electron
lithography.
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