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Abstract Backward and forward scattering of surface plas-
monic wave interactions from gold nanobumps on the surface
of a 30-nm gold thin film demonstrate three-dimensional
(3-D) focusing and diverging properties. Fan-shaped forward
scattering of an individual nanobump is observed. A quarter-
circle structure composed of nanobumps is exploited to ma-
nipulate scattering from each nanobump. Experimental results
show that 3-D propagation vectors generated by the gold
nanobumps with their heights of 16 nm can deflect the surface
plasmonic waves to produce 3-D focusing at 3.6 um above the
surface of the gold film. We clearly demonstrate that 3-D
forward and backward focusing from gold nanobumps are
with different amplitudes and directions of the vertical prop-
agation vectors.
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Introduction

Using plasmonic nanostructures to manipulate light is one
of the important research and development topics of plas-
monics [1]. Experiments demonstrated the manipulations of
surface plasmon waves with chains of metal and dielectric
nanoparticles fabricated on thin metallic films [2—7]. Several
kinds of optical devices, such as a surface plasmon polariton
mirror, beam splitter, and Mach—Zehnder interferometer, are
developed in 2-D optics [8, 9]. The charming SPP subwa-
velength focusing and guiding properties are achieved by a
quarter circular structure [10]. The bump structures are
proposed to redirect and modify a surface plasmon wave
[11], and the confined surface plasmon wave can be found
in an elliptical corral [12]. The focusing and directing of
surface plasmon waves by curved chains of nanoparticles
were also theoretically investigated [13—17]. The dielectric
material loaded on the metal surface can also focus and
modulate the surface plasmon wave in 2-D optics [14—-16].
Even the Huygens—Fresnel principle for surface plasmon
wave diffraction, interference, and focusing was devel-
oped [17]. In addition, metallic nanoparticles are also of
interest in applications including surface-enhanced
Raman scattering [18, 19], plasmonic enhancement
[20-24], and biological sensor [25]. In fact, the inter-
actions between surface plasmon wave and nanostruc-
ture have three processes, including near-field reflection,
transmission, and also far-field propagated light [26-29].
Most of the papers only reported the interactions in the
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near field and considered the far-field propagating light
as a kind of loss. In fact, the far-field propagating light
can be manipulated by nanostructures as well. In this
letter, we experimentally investigate both the backward
and forward scattering of surface plasmonic waves gen-
erated by the plasmonic nanostructures, such as gold
(Au) nanobumps on an Au thin film. We would like
to find out the focusing properties of Au nanobumps
with each of their heights around 16 nm. Both focusing
and diverging plasmonic nanostructures are fabricated
on the same surface of the Au film to be imaged and
studied simultaneously. Explicit scattering results of the
Au nanobumps at the surface and out of the surface are
shown.

Experimental

A Ti:sapphire femtosecond laser (Coherent Inc., y=800 nm,
pulse duration=140 fs, repetition rate=80 MHz) is used to
fabricate the artificial structure as shown in Fig. la [30-32].
An attenuator and a shutter with switching time of 30 ms are
used for the control of the incident laser fluence and expo-
sure time. The laser beam is expanded to a diameter of 6 mm
by a spatial filter. A y/4 waveplate transforms the laser beam
into circular polarization. Finally, the laser beam is focused
by a high-numerical-aperture oil-immersion objective lens
(Zeiss Plan-Apochromat, x100, 1.4 NA, 0.17 mm working
distance) through the transparent substrate on the 30-nm Au
film on cover glass. An Au nanobump with its height around
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Fig. 1 a The schematic illustration of a femtosecond laser fabrication system. b 3-D AFM image of a quarter-circle structure formed by 21

nanobumps
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16 nm can be fabricated with average laser power of
240 mW for 30 ms. The artificial plasmonic structure
formed by nanobumps is made and controlled by a three-
dimensional (3-D) nanometer precision stage (Mad City
Lab. Inc., Nano-LP200). The surface morphology of the
artificial structure is characterized by an atomic force mi-
croscope (AFM) (Asylum Research, MFP-3D). Figure 1b is
3-D AFM image of a quarter-circle structure composed of
21 nanobumps. The center-to-center distance of the nano-
bump is 450 nm. The average height and diameter of the
base of the nanobump are around 16 and 300 nm,
respectively.

The investigation of the light manipulation by the fabricat-
ed nanobumps is shown in Fig. 2. A total internal reflection
microscope (TIRM) system based on an Olympus IX70 mi-
croscope and a Nd: YAG laser of 532 nm wavelength are used
[33]. A fiber illuminator is built up to control the incidence
angle of total internal reflection. An oil-immersion objective

(Olympus, Plan-Apo Oil TIRFM, x60, N.A. 1.45) is used for
this purpose. The polarization of the incident beam is set by
the polarizer. The reflected laser beam is blocked by the stop,
and the scattering light and dark field image can be captured
by a CCD camera (Hamamatsu Co., ORCA-ER). We can
adjust the focal plane of the objective along the z-axis to
construct the trajectories of scattered light in 3-D. The inset
shows that the surface plasmonic wave on the Au thin film is
launched by a TM-polarized laser beam with an incident angle
of 45°. Under this incident angle, the calculated surface plas-
mon wavelength, Yy, is 495.2 nm [34, 35]. The permittivity
of the Au film used is —4.4339+2.2618i [36, 37].

Results and Discussions

The topography and TIRM optical images of nanobumps are
shown in Fig. 3. Figure 3a shows the 3-D AFM image of the
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Fig. 2 The schematic of the total internal reflection microscope
(TIRM) system for the investigation of the interactions of the laser-
fabricated nanobumps. A high-numerical-aperture oil-immersed objec-
tive (X60, N.A. 1.45) is used to build up the surface plasmonic wave on
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the Au thin film and to collect the dark field image of the scattered
light. The trajectories of scattered light can be captured and recorded
by adjusting the focal plane along the z-axis
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nanobump fabricated by a femtosecond laser on a 30-nm Au
thin film. The coordinate axes are defined in the image, and
the z=0 plane is set at the surface of the Au film. The period of
nanobumps is 5 pum, and the height and the diameter of the
base of each individual nanobump are 25 and 380 nm, respec-
tively. The propagation direction of the surface plasmonic
wave is along the y direction, which is marked by the green
arrow. Impinging on nanobumps, the incoming surface plas-
monic wave is scattered and imaged by the CCD camera. In
Fig. 3b—f, we show frames of the acquired original video
(media 1) of the area containing a 3 x3 nanobump matrix at
different z coordinates, and the images are captured form —z
to +z, respectively. Figure 3b is the image at z=—2.77 pm
which shows the bright spots and patterns that were composed
of both vertical (—z) and backward (—y) direction-scattering
light of the surface plasmonic wave. Figure 3¢ shows that the
image of the focal plane is at z=—0.77 um, the intensity of the
bright spots increased, and the pattern of the scattering light
changed and converged. When the focal plane is at z=0, we
found both backward and forward light-scattering patterns in
Fig. 3d. At z=0.73 pm, bright spots and fan-shaped patterns
are observed, as shown in Fig. 3e. The fan-shaped pattern
separated at an angle around 105° clearly exhibits the forward-
scattering light from the surface plasmonic wave. For the focal
plane at z=3.31 um, Fig. 3f shows the fan-shaped patterns
extended further with less intensity, and the interference
fringes can be seen. In general, TIRM images at different z
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Fig. 3 a 3-D AFM image of a nanobump array with a 5-um period on
the Au thin film. The height and diameter of the base of the individual
nanobump are 25 and 380 nm, respectively. Images b to f are the TIRM
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coordinates display the scattering light of the surface plasmon
collected at that focal plane. The results of scattering light can
be divided into two parts. At z<0, the bright spots and
backward-scattering light are collected and shown, whereas
the forward-scattering light can be observed at z>0. This
provides us the opportunity of manipulation of the scattering
light by creating specific patterns of the Au nanobumps.

For manipulation of the scattering light, the array of each
quarter circle (90°) is designed and fabricated with 21 nano-
bumps. The 3-D AFM image of quarter-circle structures is
shown in Fig. 4a, and the height and diameter of the base of
each nanobump are around 16 and 300 nm, respectively.
The distance of the adjacent nanobump is 450 nm. In the
two columns of the left-hand-side of Fig. 4b—e, the struc-
tures are defined as “concave” relative to the propagation
direction of the surface plasmon wave on the Au film. The
structures in the two columns of the right-hand-side are then
obviously regarded as “convex.” Figure 4b shows the TIRM
image which is captured under TE polarization illumination.
Only a weak light pattern around concave and convex
structures can be barely observed. Figure 4c—e shows the
sequence TIRM images of the structures under TM polari-
zation at different z coordinates. Figure 4c exhibits the
image collected at z=—3.8 um. The concave structures per-
form the function of focusing and successfully display
bright focusing spots with two extended arms. On the con-
trary, the convex structures show the divergent fringes. An

sequence images of nanobump array collected at different focal planes
along the +z-axis (from negative to positive z) (media 1). The length of
the scale bar is 5 um
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Fig. 4 a A 3-D AFM image of the quarter circles shows concave (leff)
and convex (right) structures composed of 21 nanobumps. The height
of each nanobump is about 16 nm. b—e TIRM images of concave (/efi
two columns) and convex (right two columns) quarter-circle structures.
Image b is captured under TE polarization illumination. Images ¢ and d

interesting thing is that they are all backward-scattering
patterns. For the image collected near the Au thin film
surface (z~0 wm), Fig. 4d displays strong and bright pat-
terns of the nanobumps and relatively weak focusing spots
at the concave structures (left-hand-side columns). No fo-
cusing spots are shown in the convex structures. In Fig. 4e,
at z=3.62 um, the concave structures show divergent fringe
patterns. A bright focusing spot with two extended arms can
be seen at convex structures (right-hand-side columns). The

d TM pol.

o “’3‘. g '-\& ‘.'-”‘-

—=—7=23.80 pm
z=3.62 pm
=y
=
\3 287 nm
] z=3.62 pm 2o
-
- - d—35
2]
=
D
ol S——
=
el
,‘...w,.“p'-u\‘.-
3 4 5

X (pm)

are observed at various focal planes from —z to +z under TM
polarization illumination (media 2). The input surface plasmon
wave propagates in the +y direction of the images. f The optical
intensity profiles of the focusing spots of the concave and convex
structure at z=—3.8 pm and z=3.62 pm, respectively

intensity profiles of the focusing spots at concave (Fig. 4c)
and convex (Fig. 4e) structures are shown in Fig. 4f. The
full-width-half-maximum of the intensity profiles are 287
and 369 nm for concave and convex structures shown in
Fig. 4c and e, respectively. The change of image collected at
the different focal plane is shown in media 2. We found the
transformation of scattering light from focusing to diverging
for concave structures, and it is reversed for the convex
structures. Results demonstrate that we collect and observe
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Fig. 5 Graphical description of
the backward and forward
scattering from the interactions
between surface plasmon wave
and nanobump
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the backward scattering of the nanobumps either concave or
convex structures at z<0. On the contrary, images of the
forward-scattering light can be seen at z>0 only. For z<O0,
the projected patterns originate from the interference of the
backward-scattering light of each nanobump. Concave struc-
tures clearly focus the backward-scattering light into an in-
tense spot along with two interference arms; however, they
can only show the divergent fringe patterns in the forward
scattering. Convex structures show divergent fringe patterns
in the backward-scattering conditions and confirm its focusing
capability in the forward-scattering situations (z>0). Results
evidently demonstrate that both concave and convex nano-
bump structures can strongly manipulate the surface plasmon
wave at the surface of the Au film either backward or forward
scattered away from the surface.

Figure 5 shows that the physics picture of the focusing
spots is out of the Au surface due to the negative and
positive propagating vectors (—k,) and (k,) generated by
Au nanobumps in the vertical direction (z-axis). We found
that nanobumps not only give backward and forward prop-
agation vectors (—ky, —k,) and (ky, k) for the manipulation
of the light, but also provide negative and positive propa-
gating vectors (—k,) and (k,) in the vertical direction (z-axis)
for backward- and forward-scattering light, respectively.
This is normally omitted or neglected in previous published
papers. For the purpose of the plasmonic circuit appli-
cations at the surface of the plasmonic interface, most
of the experimental results reported before showed the
focusing of the surface plasmonic waves at the surface
of the plasmonic waves. They neglected the possible
propagating vectors (—k,) and (k,) generated in the

@ Springer

vertical direction (z-axis) by the plasmonic nanostruc-
tures. However, our experimental results clearly demon-
strated that propagating vectors generated in the vertical
direction cannot be neglected for even an Au nanobump
with its height less than 16 nm.

Conclusions

In summary, we have fabricated nanobumps on an Au thin
film by using the femtosecond laser direct writing method and
show that the surface plasmonic wave on the Au thin film can
be scattered and manipulated by those Au nanobumps. Results
clearly demonstrate the concave and convex nanobump struc-
tures can focus and diverge the surface plasmonic wave in
backward-scattering direction, respectively. For the forward
scattering, the concave and convex nanobump structure can
diverge and focus the surface plasmonic wave, respectively.
We found that focusing or diverging scattered light is not on
the surface of the Au film. The Au nanobumps can generate 3-
D propagation vectors (—ky, —ky, —k,) and (ky, k, k,) for both
backward and forward-scattering light, respectively. Our find-
ing can provide great promise for versatile nanophotonics
applications such as miniaturized optical data storage pick-
up head focusing, plasmonic communication devices, and 3-D
integrated photonic circuits, etc.
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