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ABSTRACT Highly efficient fabrication of well-ordered, embedded gold nanodot matrices using diffraction mask projection laser
ablation is demonstrated. These gold nanodot arrays are ideally generated onto sapphire substrates but do also form onto AlO, thin
films, enabling the application to arbitrary bulk substrates. Well-ordered gold dots become embedded into the Al,O5 substrate during
the process, thus improving their mechanical stability, chemical inertness, and technological compliance. Such substrates may be
useful, for example, to enhance solar-cell efficiency by surface plasmons or as convenient, biocompatible focusing elements in nearfield

optical tweezers.
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hile the first theories describing the behavior of
W metal nanoparticles in the presence of an elec-

tromagnetic field were already developed in the
early 20th century,'? the topic gained new impact due to
enhanced resolution in analytics and improved synthesis
methods for nanoparticles. Especially the introduction of
surface-enhanced Raman scattering (SERS) in the 1970s>*
proved a crucial milestone. Ever since then, the size- and
shape-dependence of plasmon resonances in particles and
the related absorption behavior,>® the theoretical description
of surface plasmon polaritons (SPPs),”® and possible ap-
plications like light wave-guiding,””'? optical antennas,'>'*
optical nanocircuits,'® efficiency enhancement of solar
cells,'®'” or even optical tweezers'®~?! have been attracting
broad scientific and application interest.

Covering surfaces with metallic nanoparticles can en-
hance the coupling of light to interfaces. For example, by
depositing gold nanoparticles onto the surface of a dielectric
waveguide, Eurenius et al.** were able to access waveguide
modes even under perpendicular excitation and with a
disordered particle array. Often, the k-vector mismatch
between light and plasmons that prohibits direct coupling
is eluded by structuring the surface of the waveguides with
regular gratings.”> Recently, ideas to enhance coupling of
light into solar cells by plasmonic nanostructures were
reported.'®'” Commercialization of the latter approaches
will, however, critically depend on the ability to fabricate
nanostructures in a reliable process on an industrial scale
while making them durable at the same time.

In the present contribution, we prove that diffraction
mask projection laser ablation (DiMPLA) is capable of gen-
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erating well-ordered nanodot matrices bound to a sapphire
substrate.®* Furthermore, their potential use for plasmonic
applications is demonstrated. It will be shown that gold
nanodots are embedded in the dielectric substrate after
fabrication, yielding high mechanical stability and chemi-
cal inertness. Referring to the solar cell architecture
suggested by Ferry et al.'” we propose similar results for
efficiency enhancement with less effort and costs. Plas-
monic activity of the gold dot matrix is confirmed experi-
mentally by apertureless scanning near-field optical mi-
croscopy (aSNOM).

The fabrication of the nanodot arrays discussed here can
be subdivided into two main steps. First, an ultrathin gold
film is deposited onto a sapphire substrate, and second, this
film is patterned by the laser top-down technique DiMPLA
with a laterally varying intensity distribution. DIMPLA was
earlier applied to synthesize GaN nanowires®® and became
later refined to generate rare-metal nanodot arrays.*®

In the present contribution, gold dots on one type of
substrate are reported on only, even though DiMPLA was
proven to work for other metal—substrate combinations as
well.?” Onto c-plane and r-plane cut sapphire substrates, gold
films were deposited by dc-magnetron sputtering at an
argon gas pressure of about 1.0 Pa and a power of 30 W
(deposition rates: ~0.35 nm/s). The film thickness ranging
between 5 and 10 nm was measured by X-ray reflectometry.

Patterning the gold film was done using a pulsed excimer
laser featuring KrF as active lasing medium (wavelength 4
= 248 nm, pulse duration 4 = 25 ns). The laser is sent
through a phase mask provoking distinct maxima of diffrac-
tion. The latter mask was fabricated by laser ablating resist
from a plane-parallel fused silica plate and subsequent ion
beam etching. By proper choice of structure depth, enhance-
ment or suppression of individual orders of diffraction can
be accomplished. For the work presented here, suppression
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of the zeroth order of diffraction was desired because only
the first order of diffraction can pass the aperture of the
demagnifying objective following in the beam path. With a
wavelength of 248 nm, the ideal height for the structures in
the fused silica mask is 244 nm.?” The actual height of mask
structures employed here was about 270 nm due to unpre-
dictabilities of the fabrication process. Only first orders of
diffraction which possess enhanced intensity due to sup-
pression of the zeroth order are then used for patterning by
letting the laser light pass through a reflective objective.
zeroth and second and all higher orders are blocked out of
the subsequent beam path. Demagnified by the objective
(x15), beamlets of the first order of diffraction are super-
imposed within the focal plane of the objective. The thin film,
when positioned exactly in that focal plane, is then il-
luminated by an intensity pattern that possesses minima and
maxima in the film plane.

During illumination with one single laser pulse, about
60 % (the actual amount depends on fluence) of the Au film
is ablated while the remaining gold melts and forms struc-
tures of minimized surface energy at the position of heat
sinks. The formation process of the structures is proposed
to be due to Marangoni convection. Temperature gradients
lead to gradients in surface energy that eventually yield
forces on the gold residues directed toward colder regions.
Additionally, the surface of the substrate underneath the film
melts for a short period of time and gold dots resolidify
embedded into the substrate. This is because upon process-
ing at high laser fluences (about 2 J/cm?), the pristine gold
layer becomes so hot (in excess of 2,500 K) that for a short
time it exceeds the melting point of the sapphire substrate
(2,327 K). By heat conduction, the sapphire surface melts,
and in a liquid Al,O5 phase formed far off thermal equilib-
rium, the gold adopts the shape of dots that sink into the
superficially molten sapphire minimizing their surface en-
ergy until extremely rapid solidification occurs.

Figure 1 shows a typical top-view scanning electron
micrograph of a gold nanodot matrix. One of the main
advantages of DIMPLA can be seen directly from this picture.
With just one laser pulse of about 25 ns duration, very large
areas in relation to size and periodicity of the structures can
be fabricated.?* Typical sizes of processed areas are 100 x
100 to 200 x 200 um? while the diameter of the dots is
typically 100—200 nm. The particular samples investigated
further for this report were measured to feature nanodots
of a mean diameter of 150 nm. The size was determined
by measuring at least 100 dots from a scanning electron
microscope micrograph and calculating the average. The
transmission electron microscopy cross section (Figure 2)
proves (i) the near-surface region of the substrate to be
amorphous and (ii) the partial or complete embedding of
gold spheres into sapphire.

The plasmon excitation on the gold dots is proven by
near-field microscopy. The description of dipole excitation
in spherical particles much smaller than the wavelength of
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FIGURE 1. Typical top view of a large area gold nanodot matrix on
a sapphire substrate made by DiMPLA.

amorphous near-surface layer

single-crystalline Al,O3

FIGURE 2. Transmission electron microscopy (TEM) cross section of
two gold dots out of a row of well-ordered gold nanodots created
with the DiMPLA technique. Clearly, the particles are embedded into
an amorphous near-surface layer of the sapphire substrate. Presum-
ably depending on laser fluence and roughness of the original gold
film, the dots are enclosed either completely (small residues in the
middle) or partly (larger dots at positions of intensity minima).

incident light was first given by Mie back in 1908." The
maximal extinction appears for the condition”® ¢, = —2¢,
where e(w) = €; + ig, is the frequency-dependent, complex
dielectric function of the metal and ¢, is the dielectric
constant of the dielectric medium. For the combination of
gold and Al,Os, this condition is fulfilled at a wavelength of
about 540 nm. For spheres with diameters in the range
of 150 nm, however, a significant red shift would be ex-
pected.?® Since the spheres produced with DiIMPLA are not
entirely covered by the substrate material, the effective
dielectric constant of the surrounding medium is different
than that of pure sapphire, resulting in a blue shift of the
peak.

To make the surface plasmons on nanodots visible,
apertureless scanning near-field optical microscopy (aSNOM)
was used in a cross-polarization scheme.?” In aSNOM, a laser
beam (Aexe = 942 nm) is mildly focused onto the sample
under an oblique illumination angle (=70° to the surface
normal). The s-polarized light drives a plasmon excitation
of the gold nanodots. The electromagnetic near-field pattern
associated with this particle plasmon is probed with a
commercial Si noncontact mode atomic force microscope
(AFM) tip. The near-field component polarized perpendicular
to the substrate surface is picked up by the tip and scattered
into the far-field. An analyzer rotated to p-polarization is
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FIGURE 3. Apertureless SNOM measurements of a gold nanodot matrix created with DiMPLA. (a) The AFM topography signal. (b) The measured
|E,| component above the same area as in (a). In a line-by-line correction a small complex valued offset has been subtracted. The optical
signal clearly shows plasmonic dipoles at the corresponding positions of the nanospheres. (c) The corresponding phase image. The phase
image underpins the dipolar character by indicating a phase difference of approximately 180° between the two lobes belonging to one particle.
(d) Three-dimensional view (radius = 300 nm) of the simulated optical response of an isolated, semisubmersed Au sphere (radius = 84 nm).
The quarter cutaway reveals the Au—sapphire and sapphire—air interface geometries. The same color scale as in (b) indicates the scattered

|E;| component for Aeyc = 942 nm at normal incidence.

blocking the s-polarized light used for illumination, and
demodulation at the second harmonic of the AFM cantilever
vibration frequency allows the discrimination of the near-
field signal.’®>" Previous studies®® have shown that the
measured signal is in good agreement with the z-component
of the E-field ~#20 nm above the structure as taken from
simulations and that the perturbation of the near-field pat-
terns by the tip is negligible.

The plasmonic excitation of the gold nanodots can be
directly observed in aSNOM measurements. Figure 3a shows
the AFM topography signal of the dot array. Panels b and ¢
of Figure 3 depict simultaneously obtained optical signals,
the amplitude and the phase, at an illumination wavelength
of 942 nm. This wavelength is on the red side of the
fundamental resonance, which suggests the predominant
plasmonic response is dipolar in character. Correspondingly,
the amplitude signal is dipole-like at positions of the associ-
ated nanodots. This finding is further accompanied by a
phase difference of 180° between the two lobes of a particle,
corroborating the expectation. Indeed, nearfield optical
simulations (using the multiple-multipole platform MaX-1°?)
of Au spheres, semisubmersed in sapphire, confirm the
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FIGURE 4. (a) SEM micrograph of DiMPLA-generated gold nanodots
on a AlO, intermediate layer on top of a silicon substrate. (b) TEM
cross-sectional micrograph of a FIB-cut lamella of the sample shown
in (a). The specimen was covered with a platinum protection layer
prior to focused ion-beam processing.
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FIGURE 5. Nanotrapping with a DIMPLA substrate of optical tweezers. (a) Schematic of plasmon-assisted optical tweezing. (b) 1 x 1 um?
overview of the total electric field distribution |E| near a single Au sphere of radius 75 nm, semisubmersed in sapphire. H-polarized dark-field
illumination of 532 nm excites the sphere from the sapphire side just above the critical angle for total internal reflection. Clearly, in the
upper domain (assumed to be filled with water) a focal region is formed. (c) The same as (b), except for a slightly larger angle of excitation

and subsequent loss of the optical tweezer focus.

measured field patterns at the accessible topside of the
substrate and reveal details of the field distribution inside
(Figure 3d).

As DIMPLA generation of Au nanodots on single-
crystalline sapphire may be of limited use in certain applica-
tions, the question of using an intermediate layer to apply them
to other substrates was also addressed. As shown in Figure 4,
the generation of well-ordered gold nanodot arrays could be
proven to work on a Si substrate this way. Like on bulk
substrates before, the nanostructures become embedded in
the layer (of about 220 nm thickness). A top-view scanning
electron microscopy (SEM) micrograph is depicted in Figure
4a while Figure 4b shows a cross-sectional TEM micrograph
of a focused ion beam-cut (FIB-cut) lamella of the same
sample. The AlO, layer was prepared using a high-pressure
pulsed excimer laser deposition (PLD) technique.’ It was found
that for AlO, layers possessing 90—300 nm thicknesses on Si
substrates, well-ordered embedded gold nanodots were gener-
ated. Also on fused silica, Au nanodot arrays were successfully
synthesized this way, suggesting that by deposition of an
intermediate layer, DiMPLA-fabricated gold nanostructures can
be applied to arbitrary substrates.

From the application point of view, this transferability of
the straightforward laser pattering of Au films opens up new
avenues in solar-cell design, as it has been shown earlier'”
that subwavelength scatterer positioned at the back of solar
cells do significantly improve coupling of sunlight into the
device. When built up onto a DIMPLA-patterned intermediate
layer deposited onto a suitable substrate, ultrathin solar cells
become feasible due to enhanced absorption mediated by the
Au nanodot arrays. Furthermore, data storage in nanodot
arrays consisting of magnetic alloys>* onto low-thermal expan-
sion substrates is another challenging application.

Another intriguing application of DiIMPLA-patterned sub-
strates may be plasmon-assisted optical tweezers (Figure
5a), which has been recently suggested.'® ™' The sapphire—
gold combination is mechanically robust, chemically rather
inert, and can be exposed to aqueous solutions. As it is also
optically denser than water, (near-) total internal reflection
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may be used to limit exposure to a layer near the interface,
and the embedded plasmonic Au spheres further enhance
and laterally confine the light to a small focus volume in the
solution. This should allow for convenient optical trapp-
ing and nanomanipulation of biological or medical nano-
objects in aqueous solutions. Our preliminary numerical
results suggest that dark-field bottom illumination at angles
slightly above the critical angle indeed results in a tightly
focused volume of intense optical energy density above the
Au sphere (Figure 5, panels b and ¢).

In summary, we report on a fast and straightforward
method to create well-ordered embedded gold nanodots
suitable for plasmonic applications. With DiIMPLA, large-
area gold nanodot matrices were generated, and with SEM
and TEM it was proven that dots are embedded into the
substrate, which guarantees high mechanical stability and
chemical inertness. By aSNOM measurements, the plas-
monic activity of the nanodot matrix is verified. Applica-
tions like efficiency enhancement of solar cells by attach-
ing DIMPLA prepared structures to the backside of the cell
utilizing an AlO, intermediate layer or the usage of the
embedded structures as optical traps are most feasible.
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