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A novel mechanism for active directional beaming by mechanical actuation of double-sided plasmonic surface gra-

tings is proposed. It is shown that the asymmetric mechanical actuation of optimally designed plasmonic surface
gratings surrounding a subwavelength metal slit can produce a steerable off-axis beaming effect. The controllability
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of the beam direction provides an opportunity to develop novel active plasmonic devices and systems.
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Microscale or nanoscale directional beaming devices that
can be actively controlled have been in strong demand in
various fields [1]. In the field of three-dimensional (3D)
displays, the generation of directional images with direc-
tional differentiation is a fundamental issue. Device-level
implementation of this functionality is extremely difficult
at present [2]. The development of high-speed dynamic
directional light devices could produce time-sequential
light field distribution to generate 3D images in space.
It would also provide novel functionality for applications
in photonic integrated circuits, optical communications,
optical computing, optical sensing, optical manipulation
of molecules, and 3D displays. Although much effort has
been devoted to developing microscale static directional
beaming structures [3—6], no practical active device ar-
chitecture for dynamic beaming has been established
yet. Research on dynamic directional beaming even at
the single-pixel level on the microscale or nanoscale
has been rare [1].

Recently, nanoelectromechanical systems (NEMS)
technology has been emerging as one of the most power-
ful technologies for realizing nanoscale active photonic
devices. Active metamaterials [7] and spatial light mod-
ulators [8] were fabricated based on NEMS technology.

Considering the potential application of NEMS tech-
nology to photonics, we propose a novel mechanism
for a nanoscale active directional beaming device based
on the mechanical actuation of double-sided plasmonic
surface gratings. We show that the asymmetrically lifted
double-sided plasmonic surface grating structure gener-
ates a directional beaming effect, as shown in Fig. 1.

Figure 1 illustrates the basic mechanism of directional
beaming. Two diffracted beams with the same direction
of radiation formed by diffraction of the leftward and
rightward surface plasmon (SP) waves are spatially
superposed by the surface gratings. This results in colli-
mated directional beaming. The grating period, the
dielectric thickness, and the thin-metal (Ag) layer thick-
ness are denoted as p, t;, and ¢,,, respectively. The air
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gaps of the left and right surface gratings are denoted
as t;, and tp, respectively. The left and right dielectric
gratings have the same permittivity but different lifting
air gaps, {;, and 5.

The directionality of the beam is determined by the air
gap configuration of the double-sided surface grating,
(t;,tg). The effective refractive index of the grating
material is the degree of freedom providing controllabil-
ity of the beaming direction [6]. In [6], it was shown that
the radiation angle can be changed monotonically with a
linear variation in the refractive indices of the double-
sided gratings. The effective refractive index of the gra-
ting material can be tuned by the air gap between the
floating surface grating and the metal substrate interact-
ing with the SP waves. The direction of the diffracted
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Fig. 1. Directional beaming effects by the subwavelength
metal slit with double-sided plasmonic surface gratings with

period p, the left and right air gaps of ¢;, and ¢z, and the offset
of hg in cases of (a) t;, > tp and (b) {7 < tp.
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Fig. 2. (a) Schematic diagram of metal-air-dieletric—-metal-air

layers and SP mode propagating along the +x-direction, and
(b) profiles of effective indices of metal/air/dielectric/metal/
air layers. There exist two SP modes (modes A and B) in the
multilayer structure. (c) The magnetic field of the two modes
and refractive index profiles of the multilayer structure.

beam is controlled by balancing the effective refractive
indices of the left and right gratings. The right-directional
and left-directional beaming effects with respect to the
air gap configuration of the surface gratings (;,tr) are
illustrated in Figs. 1(a) and 1(b), respectively.

The floating grating can be modeled by the metal/air/
dielectric/metal/air layer [9], as shown in Fig. 2(a). The
effective refractive indices of the SP modes interacting
with the floating grating are analyzed in Fig. 2(b). For this
analysis, the thicknesses of the dielectric and the thin sil-
ver layers, t; and t,,, are set to 80 and 20 nm, respectively.
The wavelength is set to 532 nm, at which the permittivity
value of silver and that of the dielectric are —-10.18 +
0.83j and 2.8, respectively. In Fig. 2(b), the effective
refractive indices of the first and second SP modes
are plotted as a function of the air gap tg. In Fig. 2(c),
the magnetic field profiles of two modes at tp = 20 nm
are shown. The effective refractive index of the first
SP mode (mode A) is a monotonically decreasing func-
tion with respect to t{z in the range of 0—40 nm. For
the air gap configurations with ¢;, > {p and ¢; < tp, it
can be expected that the radiation angle would be 6 >
0 (deg) and € < 0 (deg), respectively. For the second
SP mode (mode B), an almost constant effective refrac-
tive index (n.s = 1.2) is extracted. The mode A propa-
gates mainly through the lossless dielectric and thin
silver layers, having a long propagation length, while
the mode B is tightly confined near the metal substrate
decaying fast and thus the contribution of the mode B to
the beaming is negligible. Consequently, the mode A with
a longer propagation length contributes to the formation
of the beaming field dominantly.

To validate this idea, the optimal design parameters of
the proposed structure have been found for an operating
wavelength of 532 nm with the COMSOL Multiphysics
simulator. The permittivity value of metal (Ag) is 10.18 +
0.837 at this wavelength and that of the grating dielectric
material is set to 2.8. A parametric optimization process
was used to decide the optimal structural parameters.
The optimization goal is obtaining the best collimated

shape in the field distribution. The period (p =
390 nm), fill factor (f = 0.45), offset (hy = 20 nm),
dielectric thickness (t; = 80 nm), and thin silver coating
thickness (t,, = 20 nm) are set to the same values for the
two gratings. The slit width w is 100 nm.

The diffraction field distribution generated by subwa-
velength metal slits with no gratings is visualized in Fig. 3
(a). In Figs. 3(b)-3(d), directional off-axis beaming by
asymmetrically lifted double-sided gratings is demon-
strated. The radiation angles were estimated in the angu-
lar spectrum profile of the a-directional electric field
distribution, T',, represented in

J (k;,):x"" (2”//1)2 kiz)
E, = / T, (ky)e A, (D)

where k,, is (27/2) sin 6 and @ is the radiation angle. In
Fig. 3(e), the square of the angular spectrum profile,
|T,|?, is plotted, which can be interpreted as far-field
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Fig. 3. (a) Diffraction field distributions generated by the sub-
wavelength metal slits with no grating. (b) and (c) Diffraction
field distributions with air gap configurations of the double-
sided surface gratings for the left and right gratings of
() (tr,tg) = (40 nm, 0 nm), (c) (¢;,tgr) = (20 nm, 20 nm), and
(@ (tz,tg) = (0 nm,40 nm). (e) Angular spectrum profiles of
the diffraction fields for (¢;,tz) = (40 nm,0 nm) [blue],
(tz, tr) = (20 nm, 20 nm) [green], and (¢;,tr) = (0 nm, 40 nm)
[red], which have a peak on 2.4°, 0°, and -2.4°, respectively,
and that of the diffraction field from a bare slit [black].
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Fig. 4. Air gap configuration, ({;,¢z), as a function of the
radiation angle of the diffracted beaming field.

pattern. The angles at the maximum peaks are extracted
and determined as the radiation angles of the diffracted
beams. The radiation angles in the cases of ({;,tr) =
(40 nm, 0 nm), (20 nm, 20 nm), and (0 nm, 40 nm) are
obtained as 6 =24 (deg), 6 =0 (deg), and 6=
-2.4 (deg), respectively. The peak intensity of the diffrac-
tion field is magnified by 7.5 times that from the bare slit
by the double-sided grating.

The grating air gap configuration (¢;,t) is calculated
as a function of the radiation angle 6 in Fig. 4. The air gap
variation is constrained in the range of 0—40 nm. For any
specific radiation angle 0 in the range of -2.4 (deg) to
+2.4 (deg), an appropriate air gap configuration pair
(tz., tg) can be obtained.

When the air gap is greater than 40 nm, the surface gra-
ting does not interact with the evanescent field tail of the
SP wave propagating on the metal slit surface. The sec-
ond SP mode presented in Fig. 2 is immune to the air gap
variation, which implies that the diffraction of the second
SP mode does not change with the air gap variations.
The beaming effect shown in Fig. 3 is mainly ascribed
to the diffraction of the first SP mode whose effective re-
fractive index is sensitive to the air gap variation. In Fig. 3,
the diffraction field components of the first and second
SP modes are actually mixed. However, in the proposed
structure, the coupling power of the slit to the interactive
first SP mode is estimated to be greater than that to the
noninteractive second SP mode, and thus the dynamic
directional beaming operation is confirmed as demon-
strated in Fig. 3.
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In practice, the control of lifting the grating structure
can be implemented using NEMS technology. An array of
nanoscale clamped—clamped beams with metal electro-
des at each corner is a good example [10]. A voltage will
be applied between the beam and the electrode to control
t;, and 5. The central portion of the structure whose air
gap thickness is adjusted electrically, sustains the
surface grating structure and will be exposed to light.
Calculations show that about 3.3 V is needed to actuate
TiN clamped—clamped beams whose length, width, and
thickness are 20, 0.1, and 30 nm, respectively, when ¢
and tg are 50 nm [10]. The air gap distance from 0 to
50 nm can be linearly controlled by adjusting the bias
voltage within the 3.3 V range.

In conclusion, we have proposed a novel mechanism
for NEMS-based microscale active directional that can
be implemented practically. The issue of increasing the
dynamic range of the beam tilting angle will be a contin-
ual focus in our research. The proposed directional
beaming architecture can be further extended to various
active plasmonics and display applications.
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