COL 13(2), 020501(2015)

CHINESE OPTICS LETTERS

February 10, 2015

Free space optical beam coupled to surface plasmonic
polariton waves via designed grooves in metal film
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Surface plasmonic polariton (SPP) waves with complicated wavefronts have important implications in nano-
photonic sciences and applications. The surface electromagnetic wave holography method is applied to designed
grooves on a metal surface for coupling a plane wave in free space to complicated wavefront SPP waves.
The grooves illuminated by the plane wave incident from free space serve as secondary SPP waves sources, that
radiate cylindrical SPP waves. New controllable wavefronts originate from these secondary SPP waves
interfering with each other, based on the Huygens—Fresnel principle. Several applications of the method
are demonstrated, such as converting coupling waves in free space into focusing SPP waves on a metal

surface.
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Surface plasmonic polariton (SPP) waves are collective
resonances of electron gas in a metal surface. They have
the unique properties of strong confinement of light energy
to the sub-wavelength scale, and large enhancement of
the local field intensity!™. SPPs have a wide range of
applications, including nanometer optical circuits®?, solar
cells”, enhanced fluorescence® and Raman spectroscopy'”,
and sensors'’. Many plasmonic structures have been
proposed to achieve the excitation'?, unidirectional
launching"*'!, and focusing of SPP waves!""".

To excite SPP waves on a flat metal surface, an excess
wave vector is required, since the wave vector of SPP
waves is greater than the vector in free space. Prism cou-
pling is a primary method to match the wave vector™?. In
this method, the prism produces an evanescent wave to
match the wave vector through total internal reflection.
The periodical grating etched on a metal surface can cou-
ple waves in free space into SPP waves through the Bragg
vector, which supplies the excess vector!’.

The above-mentioned methods only apply to the exci-
tation of simple wavefront SPP waves. More extensive ap-
plications are needed for more complicated wavefront SPP
waves. Recently, a few methods have been proposed to
generate complicated wavefront SPP waves. Nanometer
particles and holes arranged on a simple circular arc array
can excite SPP waves by scattering the light incident from
free space and focusing them on the destination using con-
structive interference™. A non-periodic nanoslit array is
designed by the simulated annealing method and applied
to couple free-space light into SPP waves and simultane-
ously focus SPP waves of varying wavelengths onto vari-
ous predefined locations®. An SPP wavefront-shaping
method is proposed®. In this method, the Fourier trans-
form of the desired wavefront is encoded into the spatial
frequency of a grating. Then, the incident SPP waves or
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free-space beams are modulated by the grating to realize
shaping of the wavefront. This demands the mathematical
expression of desired wavefront and the following Fourier
transform.

However, a direct and simple method is still highly de-
sirable for the design of nanostructures to excite and con-
trol complicated wavefront SPP waves on a metal surface.
Recently, the surface wave holography (SWH) methodol-
ogy has been proposed to design complicated groove
patterns for shaping the SPP waves’ radiation from the
metal surface. With the SWH method, various wavefront
shaping functionalities such as arbitrary single-point fo-
cusing, single-direction beam collimation, two-point focus-
ing, and complicated pattern imaging in free space can be
achieved®?*!. The method has also been employed to
control SPP waves propagating on metal surface®?. In
this Letter, we apply the SWH method to design plas-
monic nanostructures to couple the plane wave in free
space to complicated wavefront SPP waves on a metal
surface, for instance, we focus SPP waves and SPP
waves that are compatible with the modal profile of an
SPP waveguide.

In the framework of the SWH method® ), a series of
complicated grooves etched on the surface of a metal film
are applied to scatter the incident wave and excite the
SPP waves on the metal surface. Every groove point
is regarded as the source of secondary SPP waves. Accord-
ing to the Huygens—Fresnel principle, the coherent super-
position of these secondary SPP waves determines the
wavefronts of SPP waves. Therefore, the groove patterns
need be designed deliberately so that the SPP waves
interfere to produce the desired wavefronts. The SWH
method includes a writing and reading process. In the
writing process, the reference wave is a wave with the com-
plex amplitude Uy = Ay (z, y) exp[—iw w(z, y)] incident
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on the metal surface. An object on a metal
surface radiates SPPs on a metal surface with the
amplitude Uy = Ap(z, y) exp[—iyo(z, y) — ipy]. In the
computer designing work, the object wave U interferes
with the reference wave Uy. The intensity distribution
of the interference pattern on the metal film is I; =
(Uw + Up)(Uw + Up)*. The maxima occur at

wo—yw+ @y = 2mn, (1)

where m = 0, £1,+2, ... is the integer. Grooves are etched
at these maximal positions, leaving the rest flat. It must be
considered that the lateral scale of the grooves are much
smaller than the wavelength, typically 4/10. The discrete
approximation can be introduced by using a é function to
express the groove’s effect on the scatter source. The holo-
gram corresponding to A is obtained by the following:

H(z,y) =@y dyo—ww+@o=2mr).  (2)

The groove patterns are designed by the SWH method
through computer calculations. In the actual implementa-
tion, the groove patterns are transferred to a metal surface
using focused ion beam lithography.

In the reading process shown in Fig. 1(b), a
reconstruction wave that is the same as the reference wave
in the writing process illuminates the groove region and is
scattered by the grooves. The scattered waves interfere
constructively, and the object wave can be reproduced.

In the first example of the design by the SWH method, a
free-space plane wave with an optical beam incident on
the metal surface is intended to excite a focusing SPP
wave via specific holographic groove patterns. The mor-
phologies of the groove patterns must be determined by
us using the SWH methodology. During the writing
process, in order to obtain a focused SPP wave on the
metal surface, a point O at ry (o =0, yy = —8 pm) on
metal surface (zy plane with z = 0) is selected as the ob-
ject. A cylindrical wave originating from the point of O
radiates on the metal surface, carrying the object informa-

tion with the complex amplitude Uy = (Ap/+/|r — 1))
exp{—i[ksp(|r — ro|) + @o]}. Here, kgp is the wave vector

(a) (b)

Fig. 1. Schematic of the surface electromagnetic wave hologram.
(a) The writing process, where metal surface is an = — y plane,
(b) The reading process.

of the SPP waves on the metal surface with kgp = ngko,
neg is the effective index of the SPP waves, k is the wave
vector in the vacuum, and A, is the amplitude of the
object wave. For the interface between the gold and
the vacuum, the effective index of the SPP waves is
Nett = v €m/ (€, +1). Here, €, is metal dielectric con-
stant. As a plane wave is intended to couple into the
SPP wave that is focused on the metal surface, the corre-
sponding reference wave is a plane wave that is incident on
the metal with an incident angle of 6 and the complex
amplitude Uy = Ay exp[—i(kgz cos 8 + y sin 6)]. In this
equation, Ay, is the amplitude of the reference wave. Here,
reference waves with the following three incident angles
are considered: € =0°, 15°, and 30°. The considered
wavelength of the incident plane wave is 4y = 1.064 pm
and the corresponding dielectric constant of the gold is
&, = —48.75 + 3.64i. The object wave interferes with
the reference wave. The intensity distribution of the inter-
ference patterns on the metal surface for the three incident
angles obtained is shown in Figs. 2(a), 2(e), and 2(i) for
6 = 0°, 15°, and 30°, respectively. The holographic groove
region is supposed to be confined within a finite space of
—10 pm < z < 10 pm and 0 < y < 20 pm. The holograms
are obtained by etching grooves that are 0.12 pm in width
at the positions of maximal intensity, with the correspond-
ing morphology shown in Figs. 2(b), 2(f), and 2(j) for
6 = 0°, 15°, and 30°, respectively. The red portion repre-
sents the metal surface, and the blue slim lines represent
the grooves etched on the metal surface. One can see that
the groove density decreases as the incident angle
increases.

Now that the holographic groove patterns have been
generated, we proceed to evaluate their performance.

Fig. 2. Design of the groove pattern used to couple a plane wave
in free space to a focusing SPP wave on a metal surface. Panels
(a)—(d), (e)—(h), and (i)—(1) are for the incident angles & = 0°,
0 = 15°, and 6 = 30°, respectively. Panels (a), (e), and (i) show
the interference intensity pattern, while (b), (f), and (j) show the
groove pattern. (c), (g), (k), and (d), (h), (1) display the
reconstruction result of the intensity distribution in the z —y
plane and = — z plane where y = —8 pm, respectively.
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Namely, we are examining how the pre-designated SPP
wavefronts can be reconstructed in the reading process.
The reading processes are simulated by the three-
dimensional finite difference time-domain (3D-FDTD)
method. During the reading process [shown in Fig. 1(b)],
three reconstruction waves with incident angles 6 = 0°,
15°, and 30°, which are the same as those of reference wave
in the writing process, illuminate the groove region shown
in Figs. 2(b), 2(f), and 2(j), respectively. The incident
wave is scattered by the grooves, and the SPP waves are
excited. These SPP waves interfere constructively at the
object point’s original position, based on the Huygens—
Fresnel principle. The SPP waves’ field intensity patterns
is calculated by the 3D-FDTD method. The field intensity
patterns when @ = 0° are illustrated in Figs. 2(c) and 2(d),
in Figs. 2(g) and 2(h) when 6 = 15°, and Figs. 2(k) and
2(1) when 6 =30°. All grooves are of the depth of
0.08 pm. In Figs. 2(c), 2(g), and 2(k), the intensity pat-
terns on the metal surface are shown. Obviously, the foci
are reconstructed at the point where z = 0 and y = —8 pm
for 8 = 0°, 15°, and 30°, which agrees well with the pre-
designated values. In Figs. 2(d), 2(h), and 2(1), the inten-
sity distributions in the x — z plane where y = —8 pm are
shown. Obviously, the SPP waves are well confined to the
metal surface, and the off-plane scattering effect is not
significant. When the incident angle @ = 0°, the full widths
at half-peak of the focal spots in the z and y directions are
6 = 0.76 pm and dy = 2.6 pm, respectively. Above the
three object points, O is reconstructed. In other words,
the functionality of coupling the plane waves in free space
with three incident angles to the predefined focal location
O on the metal surface has been realized through such an
elementary hologram.

An important parameter in measuring the performance
of this plasmonic focusing device is the coupling efficiency,
which is defined as the ratio of the total energy flux enter-
ing the focal area (with a cross-sectional size of 2 pm x
2 pm in the z — z plane) over the total energy flux of
the plane wave illuminating the groove region. The results
are illustrated in Fig. 3(a), which shows a series of groove
depths and the three incident angles @ = 0°, 15°, and 30°.
The influence of groove depth h on the coupling efficien-
cies can be clearly seen. When i = 0.08 pm, the coupling
efficiencies reach the maximal values of 5.4% when 6 = 0
and 13.5% when 6 = 15°. When 0 = 30°, the coupling ef-
ficiency reaches the maximal value of 7.0% at h = 0.1 pm.
These sub-wavelength grooves scatter the incident wave
from free space and excite the SPP waves. The scattering
effect is important for the coupling. If the depth of the
groove is small, the scattering is not effective. Correspond-
ingly, the SPP wave excitation efficiency of the groove is
very low, leading to a low focal efficiency. However, if the
depth of the groove is too large, the groove can capture the
incident wave, due to the resonance. The excited SPPs are
confined to the groove and there is a loss of energy, which
also leading to a low focal efficiency. The influence of
incident angle € on the coupling efficiency is shown in
Fig. 3(b). The groove depth is set as h = 0.08 pm. With
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Fig. 3. Influence of groove depth and incident angle on the cou-
pling efficiencies. (a) Groove depth h. (b) Incident angle 6.

the incident angle 0 increasing, the coupling efficiency also
increases, reaching the maximal value of 13.5% at 0 = 15°
before decreasing. The excited SPP waves propagating on
the metal surface can also be scattered into free space by
the grooves. For a given region, the number of groove
decreases as the incident angle increases, resulting in the
decrease of scattering loss. This can be seen in Figs. 2(b),
2(f), and 2(j). On the other hand, when the incident angle
increases, the decreasing number of grooves will result in
the reduction of the generation sources of the SPP waves.
At the incident angle 8 = 15°, the scattering loss decrease
effect balances out the SPP waves generation sources
reducing effect, and the coupling efficiency reaches its
maximum.

The second example of design to illustrate the power of
the SWH method involves coupling an incident plane
wave to dual focusing points of SPP waves via holographic
groove patterns. In the writing process, two point sources,
P, and P,, which are located at ri(z=—8 pm,y=
—2 pm) and ry(z = —8 pm, y = 2 pm), are set as the ob-
ject of the SPP waves. The corresponding object wave is
expressed as U= (A o/ /[r—ral)exp{—ilksp (Jr—r:])]} +
(Ap/+/Ir—ry|)exp{—i[ksp(Jr—r5])]}. Two plane reference
waves with incident angles § = 0° and 8 = 15° are consid-
ered to be incident to the metal surface and interfere
with the object wave, resulting in the intensity distribu-
tions shown in Fig. 4(a) when 8 = 0° and Fig. 4(e) when
6 = 15°. The groove region is supposed to be confined
within the finite space of —10 pm < z < 10 pm and
0 <y <20pm. In this area, we etch grooves of 0.08 pm
in depth and 0.12 pm in width at the positions of maximal
intensity. As shown in Figs. 4(b) and 4(f), a complicated
groove pattern appears. In the reading process, a plane
beam that is the same as the reference wave in the writing
process illuminates the groove area, and the SPP waves
are excited by the grooves. The field intensity patterns
of the SPP waves as calculated by the 3D-FDTD method
are illustrated in Figs. 4(c) and 4(d) when 6 = 0° and
Figs. 4(g) and 4(h) when 6 = 15°. Two focal spots are
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Fig. 4. Design of the groove pattern used to couple a plane wave
to dual-points SPPs on a metal surface. For 8 = 0°, (a) is the
interference intensity pattern and (b) is the groove pattern.
For reconstruction intensity, (c¢) is the z — y plane and (d) is
z — z plane when y = —8 pm. For § = 15°, (e) is the interference
intensity pattern and (f) is the groove pattern. For the
reconstruction intensity, (g) is the z — y plane and (h) is the
xz — z plane when y = —8 pm. (i) The influence of the groove
depth on the coupling efficiency for § = 0° and 6 = 15°.

reconstructed, with their centers located at x = £2 pm
and y = —8 pm when 0 = 0° and 6 = 15°. In Figs. 4(d)
and 4(h), the intensity distribution in the zz plane where
y = —8 pm is shown. One can see that the foci at 6 = 15°
are better than those at @ = 0°. The SPP waves are clearly
confined to the metal surface when 6 = 0° and 0 = 15°.
The influences of the groove depths are considered for in-
cident angle 0 = 0° and 0 = 15°, as shown in Fig. 4(i).
Here, the coupling efficiency is defined as the ratio of
the total energy flux entering the two focal areas —3 < z <
—land 1 <2 <3 (with —0.5 < z < 1.5) over the total en-
ergy flux of the plane wave illuminating the groove region.
The coupling efficiencies reach the maximal values of 5.6%
and 12.6% when 6 = 0° and 0 = 15°, respectively, when
the groove depth is h = 0.08 pm. The optimal groove
depth is the same as that of a single focal point.

The above two structures are designed to realize simple-
point and dual-points focusing of the SPP waves. This can
be applied to connecting optical waves in free space to
elemental plasmonic devices at given positions, such as
waveguides, nanoparticles, or nanoantennae on a metal
surface.

In conclusion, a plane wave in free space is coupled to
complicated wavefront SPP waves on a metal surface
through groove patterns that are deliberately designed
by the SWH method. The pre-designated functionalities

of simple-point and dual-points focusing of SPP waves
are realized successfully by simple holographic groove
patterns that are determined easily, directly, and without
the need of a complicated inverse-problem solution. These
results, when combined with the previous successful appli-
cations in off-plane and in-plane wavefront shaping of
SPP waves, further strongly support the SWH methodol-
ogy as a universal and powerful tool for the control of SPP
waves on the metal surface. The SWH method will be very
useful for building novel plasmonic devices and circuits.
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