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Refractive transmission of light and beam shaping
with metallic nano-optic lenses

Zhijun Sun and Hong Koo Kim?
Department of Electrical Engineering and Institute of NanoScience and Engineering,
University of Pittsburgh, 348 Benedum, Pittsburgh, Pennsylvania 15261

(Received 9 March 2004; accepted 24 May 2004

We have performed finite-difference time-doméiDTD) analysis of optical transmission through

a nanoslit array structure formed on a metal layer with tapered film thickness. The analysis result
shows refractive transmission of light through the nanoslit array, opening up the possibility of
creating metallic lenses that resemble glass lenses in their shape. Metallic lenses with curved
surfaces are designed such that each nanoslit element transmits light with phase retardation
controlled by the metal thickness in the aperture region. The FDTD analysis result demonstrates a
focusing or collimating function of convex-shaped metal lenses2004 American Institute of
Physics [DOI: 10.1063/1.17763237

Conventional dielectric lenses perform beam shaping viall radial directions with a uniform power distribution. In
refraction of light at curved surfaces with index contrast. Inorder to establish a quantitative understanding, we analyzed
the language of wave optics, a lens provides proper phagbe SP propagation in the slit region by solving the Max-
retardation to the optical fields emanating from infinitesimalwell's equations with proper boundary conditions, i.e., that
dipole elements that are continuously distributed on the exithe tangential components of the magnetic and electric fields
surface of a lend.In diffractive optics, optical fields are are continuous at the metal/dielectric interfAt&he surface
changed by means of diffraction through zones of microscal@lasmon wave vector and thus the complex indeare cal-
features formed on a dielectric surfécan incident beam culated for TM wave propagating in a silver slit regig8ee
diffracts at each zone with different angle, and this has théig. 2@).] Here the complex refractive index relates the
effect of modulating the phase of the incident field. Whereasurface plasmon wave vectkiin the slit region to the wave
dielectric is commonly used in conventional refractive orVvector in the air regionk=n;k,. The real part of the propa-
diffractive optics, utilization of metal in beam shaping hasgation constant is shown to be much larger than the imagi-
been limited to the nontransmissive mode of operation suchary part, therefore the wave is propagation dominant. For an
as reflection or diffractiori It should, however, be mentioned 80-nm-wide slit formed in silver, for exampley is calcu-
that nanoapertured metal structures have been drawing ifgted to be 1.27#.01 at 900 nm wavelength. As the slit
creasing attention as an interesting medium for transmissiv¥idth is further reduced, both the real and imaginary parts of
interactions in the optical frequency rarigé! Ebbesenet !ndex n, increase, indicating that the portion of the SP field
al., for example, have recently reported experimental obsed the metal region grows. _ o ,
vation of an extraordinary transmission of light through  'Nhe transmittance through a slit of finite depth is ex-
subwavelength-hole arrays or throu%h a single Hofeslity ~ Pressed as follows:
surrounded by surface corrugatidhs®while this opens up S—

a new avenue for transmissive optics, the potential for me- A= ’m
tallic refractive optics has not been explored yet. PoiP1€

We report the refractive transmission of light through a
metallic nanoslit array and demonstrate beam shaffiog
cusing or collimatingfunctions of the convex-shaped metal-
lic lenses. Each nanoslit element in the lens structure is de-
signed to transmit light with a phase relationship controlled
by the metal thickness profile of the array lens. The metal-
based refractive optics is shown to offer functions that would
complement the beam shaping capability of conventional re-
fractive or diffractive optics. Figure 1 shows a finite-
difference time-domaigFDTD) simulation of optical trans-
mission(TM polarized and 650 nm wavelengtthrough an
80-nm-wide single slit formed in a 200-nm-thick silveréerl}/er.
The dielectric constant=-16.19+1.05 is used for silver.

The incident wave excites a surface plasni8f) mode at
the slit entrance. The SP wave propagates along the slit re-
gion with a complex propagation constant, and then de-

couples into radiation modes at the slit exit, diffracting into FIG. 1. (Colon Optical transmission through a single nanoaperi@@-
nm-wide single slitformed on a metal layg200-nm-thick silvey: a FDTD
analysis of beam propagation. A TM-polarized plane wed&0 nm wave-
3Electronic mail: kim@engr.pitt.edu length) is incident to the slit from the bottom side in the image.

: 1)
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FIG. 2. Characteristics of a surface plasmon wave through a nanoslit struc-

ture formed in metal(a) The complex refractive index, (the real partin a

solid curve and the imaginary part in a dashed cuoatculated for a silver

slit (with slit width of 40 or 80 nm. The inside of the slit region is assumed

to be air.(b) The transmittancé,, and the phase, of the optical field at a

nanoslit exit plotted as a function of slit degth The slit width is assumed FIG. 3. (Color) Refractive transmission of light through a nanoslit array

to be 80 nm and the wavelength of light is 650 nm. The dielectrics adjacenformed in a metal layer with tapered metal thickngssA schematic draw-

to the nanoslitted silver layer are assumed to be air. ing of a three-slit structure with tapered metal thickness. 80-nm-wide slits
are introduced on a Ag layer with a 370 nm spacing, and the metal thickness
is varied with a 50 nm step profile such that the slit depth becomes 250, 300,

b= o1+ P1o+N1koh— 6. (2) and 350 nm in sequencéb) A FDTD simulation of optical transmission

through the slit array. A TM-polarized plane wag@00 nm wavelengthis

. . L incident to the bottom side of the slit array.
Subscripts 0, 1, and 2 denote the media before, inside, and Y

after the nanoslit array, respectively, in terms of beam propa- h ) ¢ ¢ L Th vsi
gation. py; and py, are the reflectivity of surface plasmon components at the exit surface of metal. The FDTD analysis

wave at the entrance and exit side of slit/dielectric interfaced€Sult clearly reveals that the transmitted beam propagates
respectively, and are given as,;=(n,—n;)/(ny+n;) and along the direction tilted toward the thicker side of metal.
p1o=(Ny—n )’/(n +n,). de=argp j an(()j ¢1 :arogp12) - This behavior is reminiscent of the refraction of light in con-
:112_p ! anqu- il_zp' ?]1 andnoare the ?éfractiwla iﬁdi()c:les ventional dielectric optics. This observation is corroborated
of th(é:l medlié outzijdeO the 2slit array layem=arg1l with thg fqllowmg simple qnaly5|s: The optical flelajthe'
+pop182M). h is the slit depth. In general, both the ampli- magnetic fieldH,) in the far-field regime of a beam transmit-

. ) . ' ' ted through a nanoslit array can be expressed as a summation
tude (i.e., transmittanceA and the phasep are complex

. . of the cylindrical waves from each nanoslit element,
functions of the structural and materials parameftsueh as
slit width, depth and spacing, and dielectric constpatsd
the operating wavelength relative to slit spac]rﬁgl.g In the
regime where the surface plasmon waves localized at each
slit do not couple to a significant degree, both the transmitHere, ra=\/(x—xa)2+(y—ya)2, andk, is the wave vector of
tance(A) and phasé¢) of optical field are primarily deter- the transmitted beam in the air regigk, and ¢, are, respec-
mined by slit depth, i.e., metal thickne$Bigs. 2b) and tively, the amplitude and phase of the radiation component
2(c)]. The calculation shows that the amplitude change reemanating from thexth slit located aft(x,, y,), and can be
mains relatively insignificant over a broad thickness rangeexpressed as Eq¢l) and (2) if we assume no resonance
i.e., with a variation of 0.89—0.98 for the metal thickness ofcoupling occurs between the neighboring slits. It can be
100-1000 nm in the case of 80 nm slit width. The periodicshown that the transmitted waves through the nanoslit array
fluctuation of amplitude indicates the Fabry—Perot resonancwill beam into the direction that satisfies the following phase
of surface plasmon wave in the nanoslit region. The calculamatching condition at the metal/air interfack, sin 6,
tion also shows that the phase of optical field is almost lin=Kk, sin 6,. Here 6, is the incidence angle of the surface plas-
early proportional to slit depth. mon wave to the hypothetical planar surface that comprises

Figure 3 shows FDTD simulation of transmission of the slit apertures, and, is the tilt angle of the transmitted
light (TM-polarized and 900 nm wavelengttthrough a  beam. This formula basically tells that light will refract at the
three-slit structure. 80-nm-wide slits are introduced on a Aghanoapertured metal surface in a way similar to that at a
layer with 370 nm slit spacing, and the Ag layer thickness isdielectric interface. From the phase matching condition and
varied with a 50 nm step profile such that the slit depth bethe information on the nano-optic structure shown in Fig. 3
comes 250, 300, and 350 nm in sequence. The different slithe index ratio of 1.27 and the incident angleof 9°), the
depth is to introduce phase retardation among the radiatiomansmission anglé, is calculated to be 11°, which shows a
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Intensity |HZ|2 distribution an increase_of focal Iength in the five-slit lens compared to
the three-slit case. While the shg&geometry-controlled

beam-shaping of metallic lenses resembles conventional re-
fractive optics, the mechanisms involved in optical interac-
tions are distinctly different, and as such their beam-shaping
characteristics. The discrete distribution of propagation chan-
nels (nanoslit arraysacross a metallic lens is contrasted to
the continuous nature of a conventional refractive lens,
analogous to digital versus analog. The discrete nature of
apertures that emit radiation with proper phase relationship
also resembles the phased-array antennas used in the micro-
wave regimez.0

In conventional dielectric lenses, a transmitted beam
shows a strong diffraction effect at lens edges, and this be-
comes one of the limiting factors in scaling down conven-
tional optics components to a wavelength or subwavelength
range. In contrast, the nanoaperture array lenses do not suffer
from the edge effect. It is worth mentioning that the phase of
each nanoslit element can also be controlled by adjusting
other structural and/or materials parameters of nanoslits
(such as slit width or the dielectric constant in the slit region
besides slit depth. All these features of metal refractive optics
are useful for individual and independent control of phase at
each slit, and offer great flexibility in designing the nano-
optic lenses that can shape arbitrary beam profiles without
being restricted by the constraints of conventional optics.
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