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Off-axis directional beaming of optical field diffracted by a single
subwavelength metal slit with asymmetric dielectric surface gratings
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School of Electrical Engineering, Seoul National University, Kwanak-Gu, Shilim-Dong,

Seoul 151-774, Korea

(Received 21 October 2006; accepted 4 January 2007; published online 2 February 2007)

The authors propose a method for the off-axis directional beaming of optical field diffracted by a
single subwavelength metal slit with dielectric surface gratings. In the proposed method, dielectric
gratings are optimally designed to directionally couple the surface plasmon polariton modes induced
by the metal slit into surrounding medium along a specific off-axis direction. Design of the gratings
and the analysis are conducted based on the rigorous coupled wave analysis method. Their
simulation shows the off-axis directional beaming of the oblique angle, 20.2°, with respect to the on
axis by the proposed method. The beaming angle can be changed by adjusting the grating
periods. © 2007 American Institute of Physics. [DOI: 10.1063/1.2437730]

Since the phenomenon of the enhanced transmission
through subwavelength hole arrays was reported by
Ebbessen et al.,' optical field diffraction by subwavelength
apertures has been intensively researched in both theoretical
and experimental aspects. Many interesting issues are de-
rived from this fundamental problem. One of the recent in-
teresting results is the beaming of optical fields diffracted by
a subwavelength aperture with metal grating structures dis-
covered by Lezec et al.” The resonant interactions between
the evanescent diffraction fields and the grating structures
hidden in the beaming mechanism are very interesting. The
beaming mechanism of optical fields diffracted widely by
subwavelength aperture is one of interesting physics derived
from the study of these resonant interactions. There are many
works related to the optical field beaming: on-axis beaming
light from subwavelength apertures,S_5 the phenomenon of
enhanced transmission in subwavelength single hole,*’ and
beaming light with photonic crystals.g_lo Recently it was
found that beaming through a subwavelength single metal
slit using dielectric surface gratings is very effective.'"!?

In this letter, we propose a method for the off-axis direc-
tional beaming of optical field diffracted by a single sub-
wavelength metal slit with dielectric surface gratings. In the
proposed method, dielectric gratings are asymmetrically ar-
ranged on the surface of the metal slit. It is shown that the
dielectric gratings can be optimally designed to directionally
couple the surface plasmon polariton (SPP) modes induced
by the subwavelength slit into the light in surrounding me-
dium along a specific off-axis direction.

Design of the grating structures for optimal directional
beaming and the analysis of the field propagation are con-
ducted based on the rigorous coupled wave analysis (RCWA)
method.'*™ The most attractive advantage of the RCWA
provides the angular Fourier spectrum of the vector field dis-
tribution. From the angular Fourier spectrum of the vector
field distribution, we can obtain plentiful information about
the interactions of the optical fields and the structures. By
analyzing the angular Fourier spectrum distribution, the un-
derstanding of directional beaming of the diffracted fields
can be clear.
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The subwavelength metal slit for beaming optical field is
semi-infinite and the width of the air slit in the metal clad is
100 nm. Optical field is assumed to have the wavelength of
532 nm with p polarization. At this wavelength, the silver
clad has the refractive index of 0.13+3.19. For nonperiodic
structure modeling, the perfect matched layers are placed
on the left and right sides of the computation region
(free space).m’17

The slit width of 100 nm is much smaller than half of the
wavelength of light. In this condition, the transmission of the
optical field into the output region through the metal slit is
insigniﬁcant.l However, when the optimally designed grating
structures are attached on the metal surface around the metal
slit, the transmission of the optical field into the output re-
gion can be greatly increased. Moreover, the diffracted field
can propagate like a spatially confined beam.

For finding the dielectric grating structures resonantly
diffracting the surface modes induced by the semi-infinite
metal slit to the propagating modes in the output region,
before doing the analysis for the proposed structure, we in-
spect the reflection characteristics of particularly chosen
three binary dielectric gratings attached on a metal substrate
for several incident angles, as shown in the inset of Fig. 1.
These gratings have the same refractive index of 1.72, the
same thickness of 80 nm, and the same fill factor of 0.5. The
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FIG. 1. (Color online) Reflection characteristics of gratings A, B, and C for

several incident angles. The bright color line and the vague color line indi-
cate the resonance region and the symmetric region, respectively.

© 2007 American Institute of Physics
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TABLE 1. Designed parameters for dielectric surface gratings arranged on
the semi-infinite subwavelength metal slit (k,: wave number in vacuum).

Period Angle
Grating (nm) (deg) kg ko
A 305 -20.3 1.397
B 376 0 1.415
C 503 20.0 1.400

grating periods of gratings A, B, and C are 305 nm, 376 nm,
and 503 nm, respectively.

Gratings A, B, and C are optimally designed to reso-
nantly excite the surface plasmon modes for the incident
plane waves with the incidence angles of —20.3°, 0°, and
20.0°, respectively. Their reflection characteristics are shown
in Fig. 1. In gratings A and C, the SPPs are the negative first
and the positive first order diffracted wave, respectively; the
excited SPPs propagate along the +x direction at those reso-
nance angles. Those different resonant angles determine
whether the beamed light converges or diverges and the sign
“=" or “+” represents the converging or diverging case,
respectively, as in Ref. 12. For the configuration of three
gratings, the SPP wavevector kg, of the resonantly excited
surface modes and the resonance incident angles are summa-
rized in Table L.

The strong absorption equivalently indicates the strong
coupling to the surface modes on the metal surface. In-
versely, we can imply that through these gratings, the surface
mode can be strongly coupled to the propagating modes with
specific diffraction angles.™ “ Perceiving this resonant dif-
fraction property, we devise a configuration for exploiting
these diffraction properties to realize the on- and off-axis
directional beaming of optical field diffracted by a single
subwavelength metal slit.

Grating B optimized for normal direction diffraction can
be used to generate the on-axis directional optical field. Fig-
ures 2(a) and 2(b) show the RCWA results of the subwave-
length semi-infinite metal slit surrounded by grating B. As
shown in Fig. 2(a), the diffracted field has a well-collimated
on-axis beam pattern.

In the RCWA framework, the electric field distribution in
the output region is expressed by the Rayleigh representation
of angular Fourier spectrum distribution as

M
E= E (Tx,mxA + Tz,mﬁ)exp[j(kx,mx + \3’(277/)\)2—]()%’”@)], (1)
m=—M

where m and k,,, are diffraction order and the x-direction
wave number of the mth diffraction order spectral
component."?

We can see that the distribution of the transmission co-
efficients in Fig. 2(b) has the shape of the center symmetry.
In particular, the distribution within the propagation region
shows the angular Fourier spectrum distribution shape simi-
lar to that of collimated Gaussian beams,ls’19 which enables
the resulting high directionality and collimation of the dif-
fracted field. Also, two distinct peaks in the evanescence re-
gion of the transmission coefficient distribution are observed
at the points corresponding to the surface modes. Their wave
vector normalized to k, (wave number in vacuum) is 1.397
and it is slightly deviated from designed value of 1.415. The
periodic modeling scheme of the RCWA attributes to this
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FIG. 2. (Color online) (a) Intensity distribution of the on-axis directional
beamed optical field generated by grating B arranged around the slit. (b)
Angular Fourier spectrum distribution of the on-axis directional beamed
field by using grating B. Wave number normalized by k,: © —-1.397, @ 0,
and @ 1.397.

slight mismatch. However, with longer period (40 wm is
used in the present simulation) in the RCWA, the deviation
would be reduced.

When the dielectric surface gratings are symmetrically
arranged on both sides of the metal slit, the diffracted optical
fields can be diverging, converging, or on-axis beaming
along the on-axis direction.>'? However, when the dielectric
surface gratings are nonsymmetrically arranged, we can ad-
just the direction of the beam propagation. The devised con-
figuration is that gratings C and A are, respectively, arranged
in the left side and the right side of the slit, as shown in the
inset of Fig. 3(a). Both gratings A and C have the beaming
deviation angles of —20.3° and +20.0°, respectively, as dis-
cussed in Fig. 1.

The surface plasmon mode entering into grating A from
the left side to the right side is diffracted into the opposite
transverse direction of the surface plasmon propagation. The
diffraction angle is given by —20.3°. The minus sign indi-
cates the opposite propagation directions of the incident sur-
face mode and the diffracted field. The surface plasmon
mode entering into grating C from the right side to the left
side is diffracted into the same transverse direction of the
incident surface plasmon mode. The diffraction angle is
given by 20.0°. The positive sign indicates the same propa-
gation directions of the incident surface mode and the dif-
fracted field. As a result, the diffracted fields generated on
both sides of the slit propagate along almost the same direc-
tion. By this simple mechanism, the off-axis beaming of the
diffracted field can be realized, as shown in Fig. 3(a).
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FIG. 3. (Color online) (a) Intensity distribution of the off-axis directional
beamed optical field generated by gratings A and C arranged around the slit.
(b) Angular Fourier spectrum distribution of off-axis directional beamed
light by using gratings A and C. Wave number normalized by kj: @ —1.397,
@ —0.346, and ® 1.383.

In Fig. 3(b), the propagation Fourier components are the
bell-shaped curve like the on-axis beaming light shown in
Fig. 2(b), but the peak value is slightly shifted when com-
pared to the spectrum of the on-axis beaming light with the
deviation angle of 20.2°.

Since the SPPs excited by the gratings A and C are the
negative first and the positive first order diffracted wave,
respectively, to reduce the deviation angle, the period of
grating A is required to be increased, and that of grating C
decreased, and vice versa to extend the deviation angle.
For example, if the grating periods of gratings A and C are

Appl. Phys. Lett. 90, 051113 (2007)

adjusted to 336 and 438 nm, the beaming angle becomes
10°.

In conclusion, we proposed a method for the off-axis
directional beaming of optical field diffracted by a single
subwavelength metal slit using asymmetric dielectric surface
gratings. With the RCWA, we analyzed and proved the
beaming mechanism of optical field generated by a subwave-
length metal slit. From the RCWA, we can observe that the
on-axis beamed light has bell-shaped propagation spectrum
components such as Gaussian beam, and surface modes can
be excited on the metal surface by dielectric surface gratings.
By attaching optimally designed dielectric surface gratings
around a single metal slit, we can design and control the
off-axis directional beaming of optical field diffracted by the
single metal slit.

T w. Ebbessen, H. J. Lezec, H. E. Ghaemi, T. Thio, and P. A. Wolff,
Nature (London) 391, 667 (1998).

’H. 7. Lezec, A. Degiron, E. Devaux, R. A. Linke, L. Martin-Moreno, F. J.
Garcia-Vidal, and T. W. Ebbesen, Science 297, 820 (2002).
3L Martin-Moreno, F. J. Garcia-Vidal, H. J. Lezec, A. Degiron, and T. W.
Ebbesen, Phys. Rev. Lett. 90, 167401 (2003).

‘FoI Garcia-Vidal, L. Martin-Moreno, H. J. Lezec, and T. W. Ebbesen,
Appl. Phys. Lett. 83, 4500 (2003).

L. B. Yu, D. Z. Lin, Y. C. Chen, Y. C. Chang, K. T. Huang, J. W. Liaw,
J. T. Yeh, J. M. Liu, C. S. Yeh, and C. K. Lee, Phys. Rev. B 71, 041405
(2005).

M. J. Lockyear, A. P. Hibbins, J. R. Sambles, and C. R. Lawrence, J. Opt.
A, Pure Appl. Opt. 7, S152 (2005).

"H. Caglayan, I. Bulu, and E. Ozbay, Opt. Express 13, 1666 (2005).

8. K. Morrison and Y. S. Kivshar, Appl. Phys. Lett. 86, 081110 (2005).
°W. R. Frei, D. A. Tortorelli, and H. T. Johnson, Appl. Phys. Lett. 86,
111114 (2005).

1. Bulu, H. Caglayan, and E. Ozbay, Opt. Lett. 30, 3078 (2005).

7. B. Li, J. G. Tian, Z. B. Liu, W. Y. Zhou, and C. P. Zhang, Opt. Express
13, 9071 (2005).

D. Z. Lin, C. K. Chang, Y. C. Chen, D. L. Yang, M. W. Lin, J. T. Yeh,
J. M. Liu, C. H. Kuan, C. S. Yeh, and C. K. Lee, Opt. Express 14, 3503
(2006).

BM. G. Moharam, E. B. Grann, D. A. Pommet, and T. K. Gaylord, J. Opt.
Soc. Am. A 12, 1068 (1995).

“M. G. Moharam, D. A. Pommet, E. B. Grann, and T. K. Gaylord, J. Opt.
Soc. Am. A 12, 1077 (1995).

'p. Lalanne and G. M. Morris, J. Opt. Soc. Am. A 13, 779 (1996).

'p. Lalanne and E. Silberstein, Opt. Lett. 25, 1092 (2000).

g, Silberstein, P. Lalanne, J. P. Hugonin, and Q. Cao, J. Opt. Soc. Am. A
18, 2865 (2001).

18K, Choi, H. Kim, Y. Lim, S. Kim, and B. Lee, Opt. Express 13, 8866
(2005).

"H. Kim, S. Kim, and B. Lee, Proc. SPIE 6314, 31 (2006).



