May 15, 2013 / Vol. 38, No. 10 / OPTICS LETTERS 1733

Converting surface plasmon to spatial Airy beam
by graded grating on metal surface
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A well-developed phase modulation method is utilized to design a nanogroove grating for a desired diffraction
process, which gives rise to the conversion of a surface plasmon wave to an Airy-like radiation beam. Experiments
and simulations revealed the unique characteristics of the generated Airy-like beam, such as nonspreading, self-
bending, and self-healing. Our result confirms the validation of the diffraction strategy for beam engineering in

conversions and possibly indicates wider applications in broader areas.
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Surface plasmon polaritons (SPPs) attract great research
enthusiasm due to their two-dimensional subwavelength
confinement of field at the metal/dielectric surface. It is
of scientific interest and potential applications to convert
SPP to free space with a desired form by compact micro
structures. Since the pioneer work of bulls eye structure
[1], plasmonic subwavelength components are widely
utilized to tailor the radiation beams to realize collima-
tion [1], focusing [2], concentration [3], holographic
vortex [4], and imaging [5]. In our recent work, we have
proposed a new method in phase modulation with non-
periodic array for diffractions to generate a plasmon Airy
beam and focused totally in a planar dimension [6-8]. It is
quite possible to extend this in-plane process to a radia-
tion scheme and the conversion of SPP to a free space
beam, which would greatly enrich this phase modulation
method in a wider beam engineering area.

Since their first realization in 2007, nondiffraction
Airy beams have gained growing attention for their un-
conventional properties including nondiffracting, self-
accelerating, and self-healing [9]. Intense studies have
been carried out on their novel [10,11] and fascinating
applications [12]. More recently, nonparaxial beams with
similar properties with circular and elliptical trajectories
[13,14] were proposed and realized. At the same time,
a free-space Airy beam convert from SPP is reported by
the holographic method via Fourier transformation (FT)
[15]. According to the data, the experimental achieve-
ments of optical accelerating beams need bulky optical
elements such as spatial light modulators for phase
modulation and lenses for FT, which take up a great deal
of space and would limit the applications in compact
microsystems.

In this work, we extended our phase modulation
method to convert SPP waves to free space radiation
and generate an Airy-like beam by a well-designed groove
grating directly. The nonspreading, self-bending, and self-
healing properties are demonstrated by experiments and
theoretical calculations. Finally, the general significance
of our result is further addressed.

The phase modulation method by in-plane diffraction
was first introduced in our previous work [6]. Intuitively,
this phase modulation method by diffraction can be
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extended to free space. The schematic design is shown
in Fig. 1(a), where parameter b represents the local lat-
tice constant of the nth groove and @ is corresponding
diffraction angle. For constructive diffractions, rays from
two neighbor grooves should have a phase change of
A¢ = ¢, — py-1 = kb sin 0 that also equals to (kg —
G)b as the SPP is modulated by the grating, where G =
27 /b is the reciprocal vector determined by the local lat-
tice. So, we have the equation of kyb sin 0 = kg,,b - 2,
which establish a relation between the diffraction angle
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Fig. 1. (a) Schematic diagram of the diffraction principle in
our proposed slit-groove structure fabricated on a metal sur-
face. (b) Designed local lattice constants of the surface grooves.
(c) Ilustration of the experimental setup. Inset is the top-view
focus ion beam (FIB) image of the slit-groove structure.
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and local lattice. This means every neighboring groove
should have an additional phase difference of 2z with re-
spect to all the constructive diffraction beams. Then the
phase evolution of the nth groove can be deduced as
¢y (X) = g + kgppx — 2nx, where ¢ is the initial phase
and x is the distance of the nth groove from the initial
slit. With a carefully designed grating, a desired diffracted
beam in free space with arbitrary phase evolution is
accessible. Here, grating with a 1.5-power phase distribu-
tion is designed to construct an Airy-shaped radiation
beam. According to the scheme of Fig. 1(a), a silver film
with the thickness of 100 nm is deposited on a quartz sub-
strate. A single slit with the width of 100 nm (about 1/6)
and a series of grooves with a width of 200 nm, depth of
10 nm, and graded distance on the right side of the slit are
fabricated on the metal film. An x polarized light (TM) is
normally incident into the slit from the substrate side to
launch SPP wave on the air/silver interface. According to
the required phase distribution, we can exactly calculate
every location of the grooves on the film surface by
solving ¢, (x) = ¥(x). Here

W) = -2 ("’—”) oo M

is the approximated phase distribution of Airy beam
defined by the Airy function of
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at the start plane of z = 0 [16], where ¢ = 1.21 pm is a
coefficient that determines the acceleration of Airy
beams. It is important to note that ¢,,(x) = ¢o + kspp —
2nr is for SPPs as the initial phase in the z = 0 plane,
while y(x) is for the one in free space. The calculated
local lattice parameter (b) is plotted in Fig. 1(b) and cor-
responds to the Ag,, of 610 nm (with respect to the He-Ne
laser 1y = 632.8 nm). In addition to the phase modula-
tion, the Airy function requires an (x)~'/* amplitude
distribution, which happens to be fulfilled approximately
by the decaying SPP field intensity in propagation.

In the experiment, well-designed groove structure was
fabricated by a focused ion beam (Strata FIB 201, FEI
Company) on a silver film sputtered on a quartz sub-
strate. The optical setup for measurement is sketched
in Fig. 1(c). The inset shows the focus ion beam (FIB)
image of the fabricated sample, where 40 grooves with
a total length of about 20 pm are fabricated on the right
side of the slit. A Gaussian beam from an He-Ne laser
(632.8 nm) is normally incident in the slit from the sub-
strate side focused by a microscope objective (01, 50x,
NA of 0.55). The polarization of the laser is perpendicular
to the slit to launch SPPs efficiently. The transmitted and
diffracted light is then collected by another micro-objec-
tive (02, 100x, NA of 0.93), and finally imaged by a CCD
camera. By adjusting the image objective (02) along the 2
direction with a high precision translation stage, we get
the cross-section images of the beams in x—y plane at dif-
ferent distances (z) from the sample. Figures 2(a)-2(d)
show the field distribution at z = 30, 20, 10, and 0 pm,
respectively. At the 2 = 0 pm plane, a series of beam
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Fig. 2. Measured cross-section images of the transmitted
beam in x—y plane at different distances. (a)—(d) with z = 30,
20, 10, and 0 pm, respectively. (e) The corresponding intensity
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lobes are constructed at the right side of the slit, which
is analog to the cross-section intensity of Airy beam.
Figure 2(e) plots the normalized intensity along the sym-
metric axis of the left images, showing clear multilobe
features. As z increases, the beam lobes evidently bend
to the left gradually.

To demonstrate the characteristics of the achieved
beam more visually, the beam cross-section in x—z plane
is depicted in Fig. 3(a) by picking up the intensity along
the symmetric axis of the field distribution at x—y planes
at a step length of 1 pm along the z axis. The self-bending
and nonspreading properties are clearly manifested. A
propagation distance of ~50 pm is achieved for the main
lobe and its narrow linewidth is well preserved. It should
be noted that the dispersive part of beam in the left side
of the initial slit [see Fig. 3(a)] indeed attributes to the
directly transmitted radiation through the nanoslit. It
additionally provides us an intuitive comparison of the
generated Airy-like beam and the dispersive transmission
where the former reveals much longer propagation dis-
tance. The bending trajectory as shown in Fig. 3(b) is fur-
ther compared with the theoretical parabolic trajectory
(r = 2% /(4k*a®)). A little discrepancy is observed, which
would attribute to the paraxial approximation as well as
previous reports [17]. The FWHM of the main lobe is also
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Fig. 3. (a) Retrieved field distribution in x—y plane. (b) Mea-
sured trajectory (red with error bar) of the main lobe compared
with the calculated parabolic curve (black). The FWHM of the
main lobe relative to the propagation distance (blue line) shows
an average beam width of ~1.6 pm (dotted gray line).



1 1
60
50 0.8 0.8
~ 4 ~
£ 0.6 £ 0.6
3, 3.
~ 3 ~—
* 04 ~ 0.4
20
0.2 0.2

o

0

L

10 20

0o 10 0 10 20 0 -10 0
x(pm) x(pwm)
Fig. 4. (a) Simulated intensity distribution of the E field.

(b) Self-healing property as a rectangular obstacle (0.8 pmx
0.5 pm, white rectangle) is introduced on the path of the
main lobe.

recorded, indicating a small beam width of ~1.6 pm over
a long propagation distance of at least 50 pm.

To verify the accelerating beam generation process as
well as to explore its self-healing property, numerical
simulations using commercial software (Lumerical FDTD
Solutions) were performed. The index of the substrate is
set to be 1.5 and the permittivity of silver is ¢,, = —-15.93 +
21 at the operating wavelength of 633 nm from the Lumer-
ical database with a larger loss. The parameters of the slit
and grooves follow the design in the experiment above
and a Gaussian beam of 633 nm with x-polarization is
incident in the slit from quartz substrate. Figure 4(a)
shows the simulated intensity distribution of the electric
field at x—= plane, in which the multilobe profile and
self-bending property are clearly manifested, agreeing
considerably with the experimental results. In addition,
a rectangular obstacle (0.8 pm x 0.5 pm) is introduced
at z = 7 pm to block the main lobe. It is evident that the
main lobe reconstructs itself after the obstacle as shown in
Fig. 4(b) (the white rectangle represents the obstacle),
revealing the self-healing property. As for the fact that
the beam lobes are not perfectly maintained in propaga-
tion (especially in areas near z = 0), it would possibly
attribute the monotone phase we designed with Exp(iy)
but not the exact Sin(y) as required in the Airy function.

Thus, we have demonstrated that the optical acceler-
ating beam with Airy-like properties can be generated
by converting propagating SPP waves to free space
radiation with well-designed grooves. It is no doubt that
other spatial beams can also be generated flexibly by this
method (e.g., a focusing beam). It means that the periodic
nanostructures (commonly used to act merely as cou-
plers between the surface wave as well as some guided
wave and radiation wave) can be developed to nonperi-
odic ones with greatly enhanced functionality in beam
engineering. Since the SPP beam would have versatile
forms, the conversion beams in free space and the manip-
ulations would be fruitful. In this regard, our results
bridge the gap of a well-engineered beam between the
near field and far field.
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In conclusion, we have successfully achieved a spatial
accelerating beam with Airy-like profile in the micro-
scale by converting an SPP wave to free space with a
well-designed groove grating on a metal surface. The
generated beam exhibits self-bending, nonspreading, and
self-healing properties. Remarkably, the phase modula-
tion method shows great flexibility from in-plane to
out-of-plane. Our results not only promote the diffraction
method in beam engineering. They also provide a link be-
tween the surface wave and radiation wave in a highly
controllable way, which would possibly open an avenue
in designing and developing new kinds of micro/nano
optical elements and devices.
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