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Optical phase front control in a metallic grating with
equally spaced alternately tapered slits”
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A technique capable of focusing and bending electromagnetic (EM) waves through plasmonic gratings with equally
spaced alternately tapered slits has been introduced. Phase resonances are observed in the optical response of transmission
gratings, and the EM wave passes through the tuning slits in the form of surface plasmon polaritons (SPPs) and obtains
the required phase retardation to focus at the focal plane. The bending effect is achieved by constructing an asymmetric
phase front which results from the tapered slits and gradient refractive index (GRIN) distribution of the dielectric material.
Rigorous electromagnetic analysis by using the two-dimensional (2D) finite difference time domain (FDTD) method is
employed to verify our proposed designs. When the EM waves are incident at an angle on the optical axis, the beam
splitting effect can also be achieved. These index-modulated slits are demonstrated to have unique advantages in beam
manipulation compared with the width-modulated ones. In combination with previous studies, it is expected that our
results could lead to the realization of optimum designs for plasmonic nanolenses.
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1. Introduction

Recent investigations of guided surface plasmon wave
(GSPW) devices have focused on their abilities to propagate
light in channels of diameters significantly below the dielectric
diffraction limit, and shown that they have promise to become
highly integrated opto-electronical devices.l'->! One of the
possible applications is a plasmonic lens based on nanometal-
lic slits that function as refractive dielectric optical elements
in beam shaping and can achieve subwavelength scale focal

[6-18

zones. ! They have proven to be useful in numerous areas

such as nanofabrication, nanophotonic circuits, circular polar-
izer analyzers, etc.[%-11,13:14]

There are usually two kinds of strategies for manipulating
beams or focusing light in the air with surface plasmon polari-
tons (SPPs), the first one is to use a sub-wavelength metal slit
surrounded by surface gratings,!!’~!! and the second one is
to adopt multiple metallic waveguides.**->%) The first method
to generate beams is to make SPPs, which are excited on cor-
rugated metal surface from a sub-wavelength metal slit, radi-
ate into a certain direction by using surface gratings. Because
the radiation direction of an SPP depends on the profile of the
surface grating, one can render beams by adjusting the sur-
face grating profile.[?>2!] The second method to manipulate
beams is to control the phase of the SPP induced in a metal-
lic waveguide, which ends up with it radiating at the output

6—

surface of the metallic waveguide.!®-®! If it is possible to con-

trol the phase of SPPs radiating at the output surface, one can
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manipulate beams based on Huygens’ principle.

Recently, phase resonances have been observed in the mi-
crowave response of metal transmission gratings comprised of
identical but alternately orientated tapered slits.!>*! The exci-
tations of high-Q modes are attributed to the interference be-
tween Fabry—Pérot (FP)-like modes and diffractively coupled
surface waves. Tapered structures have been proven to be very
useful in the design of plasmonic waveguides because of sur-
face plasmon mode confinement and enhanced transmission
through the aperture.

In this paper, we extend the previous studies and exam-
ine the ways of controlling the phase front of the transmitted
beam by using a metallic grating with equally spaced alter-
nately tapered slits. Before discussing the focusing effect, ex-
traordinary optical transmission (EOT) in periodic arrays of
tapered slits instead of straight slits is considered. The numer-
ical results show that the tapered grating leads to a dramatic
enhancement of the transmission over a broadband wavelength
range and the focusing behavior can be adjusted by changing
the orientation of alternate tapered slits. In addition, the beam
deflection angle of the transmitted beam will be changed as the
refractive index configuration of the metallic grating varies.

2. Theoretical analysis and structure

The representation of the proposed transmission grating
with a thickness of 4 is shown in Fig. 1. The grating is laid on
the xy plane, the slit interspacing from center to center is A. A
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TM-polarized plane wave normally illuminates the slit array
from the left side. I" and I"’ represent the structure exit plane
and the observation plane where the light should be focused,
respectively. The f represents a focal length of the designed
lens which is equal to the distance between the exit plane I”
and the observation plane I'’. The wave function on the exit
plane is denoted as Hj, and the wave function on the observa-
tion plane is represented with Hy;.

x I p

Fig. 1. (color online) Schematic diagram of a grating formed on a thin
metallic film, where metal thickness % and the slit interspacing A (center
to center) are equal. A transverse magnetic (TM) plane wave is incident
onto the SPP lens from the left side.

The gap distance between two adjacent nanoslits should
be larger than the metal skin depth to prevent the coupling of
SPPs in the propagation process. Thus the complex amplitude
distribution (H;,(I")) on the exit plane of structure can be ex-
pressed as the sum of amplitude and phase distribution of each
slit. The amplitude and phase distribution at the exit port of
each slit is calculated by using the FDTD method.

On reaching the exit of the slit, the SPP mode will be
decoupled into a radiative mode which radiates in all direc-
tions, as a point source does in half-space.!®! Therefore we
can model the nano-slits as point sources which are located at
the exit of slits. Then, the field in the observation plane can be
obtained by the linear superposition of waves originating from

each slit using?*!

H“f(rr) exp (ikor), (1)
I,

H2Z(F,) = Z

(G157
slits and the observation points, respectively.

where r = and I, being the positions of

Zhao et al.'"> illustrated that the phase difference caused
by distances between slits will not play a dominant role in the
design of an asymmetric plasmonic lens. Thus in our work,
we construct asymmetric phase front profiles by modulating
the geometric parameters of slits and the index distributions,
rather than adjusting inter-slit spacing.

3. Simulation results and discussion

The FDTD method is used to study the transmission
properties of this metallic grating structure with the perfectly
matched layer (PML) absorbing boundary conditions in x and
y directions of the simulation domain. In the following FDTD
simulations, the grid sizes in the x and y directions are chosen
to be Ax = Ay =2 nm and Ar = Ax/2¢, which are sufficient
for the numerical convergence, where c is the velocity of light
in vacuum. The metal is chosen to be silver (Ag) in this pa-
per and the frequency-dependent relative permittivity can be
characterized by the Drude model:

2

&n(@) :sm—ﬁ?%a), )
where €. is the dielectric constant at infinite angular fre-
quency, @, and ¥, are the plasma and collision angular fre-
quency, respectively. All the parameters of the Drude model

can be found in Ref. [25].

3.1. EOT and focusing effect of the grating with tapered
slits

The research on plasmonics has been burgeoning with the
discoveries of EOT through periodic sub-wavelength metal
slits and beaming from a sub-wavelength metal hole sur-
rounded by groove or gratings. The EOT offers large transmis-
sion and localized field enhancements, with potential applica-
tions in areas such as optical displays, near-field microscopy,
sensing and bio-photonics. Most of the previous work concen-
trated on the transmittance of metallic gratings with straight

5-8,15-19.26.271 Both cavity mode and SP excita-

narrow slits.!
tion contribute to the extraordinary transmission for slit ar-
rays. Before discussing the focusing effect of our proposal,
we will consider the EOT in periodic arrays of tapered slits
instead of straight slits. The initial parameters are as follows:
h =800 nm, A = 500 nm, » = 100 nm, the entrance aperture
size a is tuned.

Figure 2 shows the calculated TM transmissions with nor-
mal incidence. FP resonance peaks can be observed for grat-
ings with straight sidewalls. For various parameters, the ta-
pered grating leads to a dramatic enhancement of the trans-
mission over a broadband wavelength range, comparing the
straight sidewall case with the tapered cases, though the
peak transmission becomes smaller by tapering. In addition,
we notice that with increasing a, the transmission resonance
wavelength presents a blue shifting at fixed film thickness
which can be explained from the FP resonance condition as
follows: 28

h
2/ ﬁ(;sp(x) dx+ PR = 21m, 3)
0

where Bgsp is the propagation constant of an SPP wave in
an air gap between two closely spaced gold surfaces, x is the
position along the center of the slit, @r is the total reflection
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phase per round-trip associated with reflection of the gap sur-
face plasmon polariton (GSPP) wave at the termination of the
slit, and m is an arbitrary integer. The propagation constant of
a GSPP is very sensitive to the width of the slit and decreases
with slit width increasing, while it increases with wavelength
decreasing.!”!”] Thus as the entrance aperture size increases
the free-space resonance wavelength must decrease according
to Eq. (3) if we keep the film thickness 4 fixed.

1.0 T - . .
— a =100 nm
b =100 nm ,\
08l — -a =300 nm
: b =100 nm |
+a=>500 nm |

b=100 nm .|

Transmission

0 L L L L L L L L L L
400 600 800 1000 1200 1400

Wavelength /nm

Fig. 2. (color online) Transmissions for a tapered slit array with differ-
ent sizes from numerical simulation by FDTD method.

When TM polarized waves impinge on the entrance sur-
face of a silver slab, SPPs are excited.[?! In the tapered slit, the
incident light is converted into gap surface plasmon polaritons
(GSPPs), which propagate adiabatically through the slit.3%!
At the exit aperture of the tapered slit, the GSPPs in the ta-
pered slit will be converted into SPPs, because SPPs can only
propagate along the air/metal interface. The radiating fields at
the ends of metallic slits each can be regarded as an individ-
ual point source. While wave propagation is in the shape of
the spherical wave from the sources into the air, they are fo-
cused at the specific point due to the constructive interference.
We first consider a planar structure containing five slits. The
paramaters are chosen as @ = b = 100 nm, A = 500 nm, and
h =800 nm. In order to show the performance of the designed
structure, the structure is checked by the FDTD method and
the intensity distribution of |H,| is demonstrated in Fig. 3(a).
One can see clearly the light focusing. The focal point is de-
fined as the point where transmitted intensity reaches the max-
imum. The focal length, denoted by f in the following, is the
distance from the exit of the array to the focal point. Under
normally incident radiation with a wavelength of 633 nm, a
clear focal spot appears at 2.4 pm away from the exit plane
I', which agrees with our preassigned position well. The cross
section at focal spot in the y direction is given in Fig. 3(b), in-
dicating an FWHM of 1 pum which is larger than the incident
wavelength. To realize the subwavelength focusing effect, the
genetic algorithm (GA) and the Yang—Gu (YG) algorithm can

be obtained to optimize the structural parameters which are

width, length, and gap of the metallic slits.[3!-3%]

y/pm

f=24pum

Normalized intensity

) 1 2 3
y position/pm

Fig. 3. (color online) (a) Intensity distribution of the designed nanode-
vice, calculated using the FDTD method when the incident wavelength
is 633 nm. The structure’s exit plane is positioned at 1350 nm. (b) Cross
section of the focal spot.

Assuming that the width of each nanoslit is much smaller
than the incident wavelength, it is reasonable just to consider
the fundamental mode in the nanoslit. An analytical expres-
sion for the effective index of the fundamental TMy mode
(coupled SPP approximation) can be obtained as!*3]

€m

A e\ 2
Neft = /€4 (1+ 1—) , 4
w

where w is the aperture of the waveguide, A is the wavelength
of incident optical wave, €4 and €y, represent the permittivities
of the dielectric medium in the slit and the metal, respectively.
In the case of a tapered waveguide, the slit width w varies with
propagation distance, and the effective index varies accord-
ingly. Nevertheless, we can use the above equation to analyze
the effective refractive index (ERI) of the tapered plamonic
waveguide.

104212-3



Chin. Phys. B Vol. 22, No. 10 (2013) 104212
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Fig. 4. (color online) Intensity distributions of the designed plamonic lens, calculated using the FDTD method. The slit length 7,
spacing A, and input aperture a are kept constant, # = 1000 nm, A = 500 nm, a = 100 nm, the output aperture b is the only variable.

(a) b =200 nm; (b) b =300 nm; (c) b =400 nm; (d) b = 500 nm.

In the following design, we first keep the slit length A,
spacing A, and input aperture a constant, the output aperture
b is the only variable. We observe that the focal lentgh is pro-
portional to output aperture (b). As shown in Figs. 4(a)-4(d),
as b increases from 200 nm to 500 nm, the focal length (f)
increases from 2.45 um to 3.36 um. This phenomenon re-
sults from the decrease of the ERI when the output aperture

f=3.075 ym

0 2 4 6 8 10 12
x/um

increases.

As discussed in the previous section, the field at the obser-
vation plane can be obtained by linear superposition of waves
originating from each slit. The field intensity at the structure’s
exit plane reduces with output aperture increasing as verified
by FDTD calculation. Thus the field intensity in the observa-
tion plane also reduces with output aperture increasing.

N

f=3.12 ym

2 4 6 8 10 12
z/pm

Fig. 5. (color online) Intensity distributions of the designed plamonic lens calculated using the FDTD method. The slit length A, spacing A,
and output aperture b were kept as constant, # = 1000 nm, A = 500 nm, b = 100 nm, the input aperture a is the only variable. (a) a = 200 nm;

(b) a = 300 nm; (c) a = 400 nm; (d) a = 500 nm.
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In the second step, we keep the slit length £, spacing A,
and output aperture b constant, the input aperture « is the only
variable. The main advantage of a tapered waveguide over
a rectangular one lies in its superior surface plasmon mode

(151 The second advantage of using tapered struc-

confinement.
tures is that the enhanced transmission can be obtained when
the input aperture is larger than the output aperture.**! Fig-
ures 5(a)-5(d) further illustrate the corresponding H-field in-
tensity distributions for four different values of a. The H-field
intensity distributions show that the energy emerging from the
structure tends to focus within several micrometers in an ex-
tremely small region. When a increases to certain value, f al-
most keeps constant. This is because the complex transmission
coefficient () gradually decreases as the slit width increases.
If the slit width goes to infinity, the transmission coefficient
approaches unity in the air. When a is larger than 100 nm, the
complex transmission coefficient changes very slowly which
results in the small change of f.

Under adiabatic approximation, the plasmon wave vector
and its location and field distribution are determined at each
distance from the tip of tapered waveguide. The dispersion
relation for the plasmon in the taper SPP structure is given ap-

proximately as [35,36]

ﬁ . hq K()(hdr)ll (hmr)

&m  hm Ko(har)lo(hmr)’ ©)

\/@? — k€4 and hy = 1/q* — k}€mko being the

wave number in the free space; I, and K, (p = 0,1) are

where hy =

the modified Bessel functions; r is the local diameter of the
waveguide. The real and imaginary parts of § determine the
phase velocity and propagation loss, respectively. In Fig. 6, the
complex transmission coefficient B normalized by free space
wave number k¢ as a function of slit width is plotted with the
solid line. It is seen that the complex wave number gradually
decreases as the slit width increases. If the slit width goes to
infinity, the solid line approaches the dotted line which denotes
the wave number in the air.

20

0 50 100 150 200 250
Slit width/nm

Fig. 6. (color online) Complex transmission coefficient 3 of the SPP as
a function of input aperture (@). Output aperture () is fixed at 100 nm
here. The upper and lower lines denote the SPP mode in the metallic
slit and the transmission coefficient of the light line in air, respectively.

Fundamentally, the focusing effect of the stack array can
be ascribed to the multiple interferences of SP waves from
each tapered slit. In our design, we just use five slits to real-
ize beam focusing. The main difference between the structure
having a few slits and the structure with infinite slits is that
the latter can efficiently couple the incident light into SP an-
tisymmetric modes through momentum matching by diffrac-
tion, and therefore the efficiency would be much higher. 7]
Our analysis and calculated results indicate that very compact
structures with just a few slits can still perform the beam fo-
cusing function.

The methods to manipulate beam by modulating light
phase through a metallic film with arrayed nano-slits
which have constant depth but variant widths have been
proposed.[7-1038] The slits transport electro—magnetic energy
in the form of SPPs and provide desired phase retardations of
beam manipulating with variant phase propagation constant.
In our design, because of the equal widths, depths, and inter-
spaces between the metal slits, there would be no focusing ef-
fect for infinite waveguide array. However, we have observed
a focal spot in the designed tapered structure and we suppose
that the finite-size effect is important in this process. To fur-
ther explore the focusing effect of the designed structures, we
analyze the FDTD calculated phase distribution as shown in
Fig. 7. The position of the focal spot can easily be identified
as the curved wavefront and phase converging point when the
structrue contains five slits (Figs. 7(a) and 7(c)). As the num-
ber of slits increases, we cannot see any focal spots (Figs. 7(b)
and 7(d)). According to previous studies, ”~%13-16] the lens pa-
rameters are greatly affected by the lens size and larger lens
size (more slits are used) will produce a better focusing be-
havior. Our results show different phenomena as a result of
the usage of tapered waveguide array.

D) T
D AN

Fig. 7. (color online) FDTD calculated phase distributions for the de-
signed structures. (a) @ = b = 100 nm with five slits; (b) a = b = 100 nm
with eleven slits; (¢) a = 300 nm, » = 100 nm with five slits; (d)
a =300 nm, b = 100 nm with eleven slits. The other parameters are
the same as those in Fig. 3.

3.2. Beam bending with the changing of refractive index
distribution

The positional and directional modulation functionalities
of a plasmonic lens are determined by the relative phase dif-
ference between neighboring slits. The authors in Ref. [15]
created a relative phase difference profile across the width of
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the lens by introducing a continuous change to the slit ge-
ometry along the transverse direction. An asymmetric phase
front across the plasmonic lens has been bulit to achieve di-
rectional modulation. The slits may be filled with an index-
tunable medium and the plasmonic grating will act like an op-
tical phased array. As in a uniform linear array of equally
spaced antennas, the relation between output steering angle 0
and phase difference A@ between adjacent slits is given by

2n
A

where A (A = a+ b) is the pitch and A is the wavelength of
the input beam. This relation suggests that a larger bending

A@p = —Asin0,

angle needs a larger phase difference between adjacent slits.

When the SPP mode passes through the sub-wavelength
metallic slit, output phase A, the phase retardation of the
transmitted light, is expressed as3®!

1-B/ko

2
L) ewCipn| . ©

Ap =Re(Bh) +arg |1 — (
where £ is the length of the metallic slit. The first term, phase
retardation A, comes from SPP propagation in the metal-
lic slit. The second term is the phase retardation which re-
sults from multiple reflections between the entrance and end
of the metallic slit. Both physical analysis and numerical sim-
ulations show that the phase retardation is dominantly deter-
mined by the real part of §. Therefore, A@ can be approxi-
mated as Re(fB4), and it could be obtained from Egs. (4) and
(5) that the phase retardation can be tuned by changing the
refractive index in the slit when other parameters are fixed.

When the materials filled in the two adjacent slits are differ-
ent, the phase retardations of light transmitted are also differ-
ent, the phase difference between adjacent slits is determined
by A@, 1 = Re(B,+1h) —Re(B,h). The steering angle can
be controlled by changing the index distribution.

The simulated structure consists of 6 silver (Ag) layers
that alternate with 5 dielectric layers, and it is plotted schemat-
ically in Fig. 8. The relative permittivity of the dielectric layer
is expressed as

g=g+m-1)a, @)

where n is the ordinal number of each dielectric layer, €] is
the relative permittivity of the first dielectric layer, and ¢ is
the gradient of the relative permittivity. Such a gradient can
be achieved by cosputtering two different oxide sputtering tar-

gets with precisely adjusting the electrical power for the two
39]

targets. |

Fig. 8. (color online) Schematic plot of the proposed structure that can bend
a light beam or focal point in transverse direction. A TM wave is incident
from the left side of the structure. (a) Grating with a planar MDM slit array;
(b) Grating with equally spaced alternately tapered slits.

0 2 4 6 8 10 12
z/um

0 2 4 6 8 10 12
z/pm

Fig. 9. (color online) H-field intensity profiles of the proposed structure with different refractive index distributions of the dielectric
material in a grating with planar slits. (a) =0.1; (b) @ =0.2; (¢) o = 0.3; (d) a@ = 0.4. The results show that the plane waves can
propagate with 8.2°, 14.6°, 28.3°, and 42° beam deflections, respectively, after propagating through the proposed planar grating.
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Figures 9(a)-9(d) plot the simulated contours of the mag-
netic field intensities for o« = 0.1, 0.2, 0.3, and 0.4, respec-
tively, when € = 2. Under normally incident radiation with
a wavelength of 633 nm, beam deflections with 8.2°, 14.6°,
28.3°, and 42° can be observed from the simulation due to
the constructive interference among the phase-delayed, trans-
mitted waves from the rectangular slits of the proposed planar
grating. The asymmetric phase front causes the light beam to
bend off the central axis.

Based on the effective medium approximation theory, the
proposed structure can be considered as an effective medium
with a graded effective dielectric permittivity. By varying the
refractive indices of the dielectric layers, the effective permit-
tivity of the whole structure is changed at the same time. If the
refractive index distribution for the beam-steering device has
the following form: 40411

sin O

I’l(y) =no+ Tyv

z/pm

where ng is the refractive index along the y axis, the beam
deflection can be realized. The key point for beam deflec-
tion from a plasmonic device involves careful optimizations
of the width and position of each slit for the desirable phase
retardation.*?! In our design, the deflection angle of the trans-
mitted beam can be controlled by varying the refractive index
configuration of the nanoslit array.

‘We can employ tapered slits to form an asymmetric phase
front for beam bending that has been proven to be useful in the
design of plasmonic waveguides.*'! As can be seen from plots
presented in Fig. 10, the interference pattern of the transmitted
light exhibits a focal spot with a deflection angle. The bend-
ing angles can be controlled not only by the asymmetric phase
front caused by continuously varying tapered slits when EM
waves pass through the plasmonic lens but also by the index

distributions.

0 2 4 6 8 10 12
z/um

Fig. 10. (color online) H-field intensity profiles of the proposed structure with different refractive index distributions of the dielectric
material in a grating with tapered slits. (a) &¢ = 0.2, a = 100 nm, b = 300 nm; (b) & = 0.2, @ = 300 nm, b = 100 nm; (c¢) @ = 0.4,

a =100 nm, » = 300 nm; (d) o = 0.4, a = 300 nm, b = 100 nm.

In the above considerations, the incident light is normal to
the grating surface. We proceed to investigate the compound
grating performance when the EM waves are incident at an an-
gle with respect to the optical axis. In Figs. 11(a) and 11(b),
light impinges on gratings at angles of 20° and 40° with re-
spect to the optical axis, respectively. Such a condition adds
an extra planar phase front that interferes with the asymmetric
phase front of the plasmonic lens, leading to a larger bending
angle off the axial direction. From the magnetic field distri-
bution in Fig. 11, one can see that the beam splitting effect

can be achieved by changing the incident angle. The nanoslits
with different widths and depths can lead to different phase
retardations while the surface plasmons passing through the
structure. Thus beam splitter and deflector can be realized by
adjusting the widths and depths of the slits accordingly.[*>~#4]
In our design, because of the gradient index distribution of the
dielectric material in the grating, the asymmetric phase front
will result in a beam splitting phenomenon which is different

from previous proposals.
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—-0.8
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Fig. 11. (color online) Magnetic field distributions of the designed plamonic beam splitter. (a) & = 0.2, @ = 300 nm, b = 100 nm; (b)

o =0.4,a =300 nm, b =100 nm.

4. Conclusion

In this paper, we study the EM response of gratings with
equally spaced alternately tapered slits, and introduce a de-
sign principle for plasmonic lenses that can bend light along
the direction transverse to the propagation direction. Not only
the tapered slits but also the refractive-index distributions con-
tribute to the focusing and bending effect. Light bending is
achieved by constructing a carefully designed, curved phase
front for the plasmonic lens. The control of the phase front
profile is achieved through two mechanisms: phase retarda-
tion caused by the width and shape of the individual slit, and
the refractive-index distributions in the grating. Furthermore,
it is confirmed that the beam splitting effect can be achieved by
changing the incident angle. Such a dynamical control of the
beam direction can lead to other applications of nanolenses.
This may constitute a new basis for potential applications in
photonic and plasmonic devices and open up a new avenue to
achieve the optimal design of diffractive optical elements on
the subwavelength scale.
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