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Radiationless electromagnetic interference (REI) has been used to achieve focusing below Abbe’s
diffraction limit. Here, we demonstrate an approach to REI that uses the Fano resonance of subwavelength
slits to achieve subdiffraction focusing. Two main features of the Fano resonance are critical: (1) The Fano
resonance suppresses radiation by destructive interference, thereby allowing for REI, and (2) the Fano
resonance creates a resonant field enhancement allowing one to overcome evanescent decay, which is
different from past approaches to REI. An analytic theory is introduced to explain these results. While the
analytic theory is formulated for a perfect electric conductor, comprehensive numerical simulations show
the applicability in the visible regime, where losses and plasmonic effects play a role.
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I. INTRODUCTION

Because of the decay of evanescent waves, the smallest
focus spot of a lens is restricted by Abbe’s resolution limit
to approximately half the optical wavelength in the medium
[1]. To break this diffraction limit, the general approach is
to boost the contribution from evanescent waves [2—4].
Since the first proposal to achieve resolution beyond the
diffraction limit [5], small apertures or tips were used to
confine the beam into a deep subwavelength region [6—10],
leading to the development of near-field scanning optical
microscopy (NSOM) [11-13]. To relax the requirement of
an extremely short working distance that is typical in
NSOM, a negative refraction-based perfect lens was
proposed [4], in which the evanescent waves are restored
by the plasmonic response of a metal slab, producing a
subdiffraction image at the other side of the slab. This
approach was later demonstrated experimentally [14,15].

Inspired by Fresnel plates, a near-field lens was introduced
as an alternative approach to obtain subdiffraction focusing,
originating from radiationless electromagnetic interference
(REI) [3]. In this approach, a deep-subwavelength-patterned
plate creates a rapid transverse oscillation in the near field
that suppresses radiation and interferes destructively in the
“propagation” direction to produce a narrow central lobe,
that is, the focus. This approach was implemented in the
microwave regime, with focusing waves emanating from a
cylindrical source to an intensity full-width half-maximum
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(FWHM) of 1/20 at a distance of 4/15 at 1 GHz [16].
Different structures were proposed for such subwavelength
focusing from the microwave [17,18] to the visible regime
[19-21], including slot antennas [22], metal-dielectric-metal
waveguide arrays [20], and annular slots [17], which were
investigated with simulations and analytical formula-
tions [23].

By noting that the basic idea of REI is introducing
satellite lobes to destructively interfere with the main lobe
and produce a null in the total field near the focus peak,
it is interesting to investigate the subdiffraction focusing by
exploiting the strong asymmetric Fano resonances that
originate from the close coexistence of the destructive
coupling between a narrow resonance and a broad reso-
nance (or continuum) [24—-26]. Fano resonances have been
observed in a number of subwavelength structures in
optics, such as nanoparticle and hole arrays, photonic
crystals, nanoshells, nanoparticle clusters, and metamate-
rials [27-34]. The ability of Fano resonance to control the
interaction of light with subwavelength structures at the
nanoscale is promising in biosensing [35], photovoltaics
[36], and cloaking [37]. The Fano resonance line shapes
depend on the eigenfrequencies of the narrow and the broad
resonances, the exciting efficiencies, and the coupling
strength [38]. The hybridization of a dipolar bonding
resonance with low energy and an antibonding resonance
with high energy exhibits superradiation and subradiation
in the extinction spectra [39,40]. While the oscillation is in
phase for the superradiant pattern, it is out of phase in the
subradiant pattern with huge local field enhancement
[28,41]. The destructive interference is the physical con-
nection to REI that will be explored further in this work.

In this work, we propose an alternative approach to
achieve subdiffraction focusing by REI at a Fano
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resonance. We show that closely placed deep subwave-
length slits in a metal slab not only exhibit a Fano
resonance but also enable subdiffraction focusing around
the radiationless regime of that Fano resonance.
Furthermore, the field intensity at the focus is boosted
by the huge field enhancement of the Fano resonance,
which is not typical for REI demonstrations so far. The
performance and limits of this kind of subdiffraction
focusing are analyzed. Finally, the applicability to real
metals in the visible regime is demonstrated by finite-
difference time-domain (FDTD) simulations of analogous
slit structures.

I1. SUBDIFFRACTION FOCUSING BY THE
SLIT-IN-METAL SLAB

Figure 1 illustrates schematically the subdiffraction
focusing produced by evanescent wave interference after
a multislit configuration in a metal slab. The perfect electric
conductor (PEC) metal slab is infinitely extended in the x-y
plane with the thickness comparable to the wavelength.
Three deeply subwavelength slits are closely patterned in
the metal slab and infinitely extended in the y direction. The
focal plane is at a distance d away from the slab. When a
transverse magnetic (TM) plane wave passes through the
very narrow slits, the interference of both propagating and
evanescent waves occurs at the end of the slab, via the
diffraction at the discontinuity [42—45]. The interference
from different channels (i.e., different modes of the slit
array) can be in phase or out of phase, respectively,
resulting in enhanced or suppressed radiation. Because
of the absence of phase associated with propagation, the
evanescent waves should constructively interfere in the z
direction. So, the out-of-phase interference of the trans-
verse components produces a nonradiative static field
pattern below the diffraction limit.
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FIG. 1. An illustration of radiationless interference. (a) The
transverse magnetic (TM) plane-wave source. (b) Closely placed
narrow slits in the metal slab as a plate lens. (c) Focal plane at a
distance away from the lens. The inside curve qualitatively shows
field amplitude distribution in the direction normal to slits.
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FIG. 2. Subdiffraction focusing. (a) The intensity of the x
component of the electric field in log scale in x-z plane. The black
solid lines denote the edges of the metal. The white dashed lines
indicate the sampling positions. (b) The profile of field intensity
at sampling planes normalized to the incident intensity.

Figure 2 shows the subdiffraction focusing effect gen-
erated by the multiple-slit system illustrated in Fig. 1. The
three slits have the same width, 0.2 mm, separated by
0.2 mm. The thickness of the metal slab is 10 mm. Using
comprehensive FDTD electromagnetic simulations, a
focusing pattern is observed at wavelength 21.52 mm,
which indicates a focus far below the diffraction limit.
It is clear that the central lobe interferes destructively with
the satellite lobes, resulting in nulls around the main
lobe, which plays an essential role in achieving the deep
subwavelength focus. The FWHM of the electric field
intensity (x-component magnitude squared) is 0.024 and
0.0544 at distances of 0.034 and 0.064. An important
feature of the subdiffraction focusing is that the fields at the
focal plane are significantly stronger than the incident field,
which is not typical for REIL: Usually, there is an expo-
nential decay of the field at the focus spot [3,16]. The Fano
resonance in the slit system boosts the field intensity to well
above the incident intensity and overcomes the evanescent
decay that usually occurs with REI [19,46].

III. THEORY FOR SUBDIFFRACTION FOCUSING

REI typically uses the method of backpropagation [3] or
spatially shifted beams [22] to find the distribution of the
source field. However, distinct from the infinitesimally thin
slabs, an additional and important complexity of slabs of
finite thickness comes from multiple reflections at the slab-
air interfaces, which plays an important role in the Fano
resonance. The Fano resonance has the dual roles of
boosting the near-field intensity to provide evanescent
wave amplification and of providing the interference to
suppress radiation, which is a requirement of REI. Here, we
use a mode-matching-based theory to analyze these fea-
tures of the subdiffraction focusing.

For a TM plane wave, the main nonzero field compo-
nents are E, and H,. The P eigenmodes E? in the N slits
with width a,, located at x,, respectively, can be written as

E} (x) = Z Korect[(x +x,)/ay]. (1)
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where rect(-) is the rectangular function. The mode
coefficients k,, can be found by applying the orthogonality
of the modes, [ EY(x)H?(x)dx = §,,, where §,, is the
Kronecker delta function. The contributions of different
modes to propagating electromagnetic waves and the total
transmission can be found by applying the continuity of
the tangential components of the electric and magnetic
fields at the boundary of slab-air interfaces. This is similar
to past single-mode matching approaches [44], but here
at least two modes are retained and the coupling between
the modes is critical to the resulting physics, as will be
discussed below. Details of the formulation are provided in
the Appendix.

Figure 3 shows the analytical result that the Fano
resonance originates from the weak coupling between
the modes in three identical slits with width a,
located at —2a, 0, and 2a. Following Eq. (1), the even
modes can be found as E; = rect[(x +2a)/a]/2 +
rect(x/a)/+/2 + rect[(x — 2a)/a]/2 (mode 1) and E; =
rect[(x + 2a)/a]/2 — rect(x/a)/v/2 + rect|(x — 2a)/a]/2
(mode 3). By symmetry, the odd modes play no role.
Mode 1 and mode 3 are, respectively, broad and narrow in
the transmission spectra. In Fig. 3, it is assumed that the
thickness of metal is unity, and the slit width a = 0.02.
The transmission is normalized to the single-channel limit
[47], and we have investigated the surpassing of this single-
channel limit elsewhere [48]. It is clear that the mode
analysis produces a Fano line shape. The narrow resonance
is at the high-energy side of the broad one (i.e., left side in
Fig. 3). The interference at the high-energy side of the
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FIG. 3. Modal analysis of Fano resonance in three slits. The
low-energy mode 1 is dipolar and spectrally broad, resulting from
in-phase interference among slit dipoles. The high-energy mode 3
is hexpolelike and spectrally narrow, resulting from out-of-phase
interference among slit dipoles. The coupling of these modes
yields asymmetric Fano resonance. The wavelength is normalized
by the thickness of the slab, and the transmission is normalized by
the single-channel limit. The inset is a zoomed-in view of the
coupling.

narrow resonance is in phase, which enhances the radiation,
resulting in superradiative behavior. Since a z-phase jump
happens around the resonance, the interference at the low-
energy side is out of phase [26], which suppresses the
radiation, resulting in subradiative behavior. For the out-of-
phase interference, a pattern source rapidly oscillating in
the transverse direction will be generated, which is asso-
ciated with subdiffraction focusing. Thereby, the connec-
tion of subdiffraction focusing, that is, REI, to Fano
resonance is established with this mode-analysis method.

The position of the Fano resonance is mainly dependent
on the narrow resonance of the E3 mode, which is
determined by ph+ A®, =z, where A®, is the shift
caused by the reflection r at the interface between air
and slab, and r can be found by Eq. (A10). In our
configuration, as related to Fig. 3, the integral / can be
found, which gives A®, = 2.44za. From this result, the
position of the Fano resonance is Ag,,, = 2k + 2.44w,
where /& and w are the physical thickness of the slab and
width of the slits.

Figure 4 shows a fit of the transmission profile to a Fano
resonance modulated by a Lorentzian resonance, i.e.,

(+q)? vi

Tg =C . ,
i C+l (A=) +72

where { = (w — wp)/yr and C is a normalized parameter.
From this fit, we find that the asymmetry parameter is
approximately unity, and the Fano resonance width is
0.03% of the resonance frequency. We have also repeated
this procedure for several slit widths a ranging from 0.005
to 0.1, and we have found that the asymmetry parameter
is always around unity and narrower slits give narrower
resonance because of mode shape mismatch, with the
resonance width taking on the range from 0.02% to 0.04%.
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FIG. 4. Fitting the transmission to a Fano resonance. The
dimensions are the same as those in Fig. 3; the model
parameters are Ap =2.1, A; =234, yr =0.0003w, and
vz =0.2516 and ¢ = 1.1.
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FIG. 5. Performance of Fano REI compared with a single slit.

The dimensions are the same as those in Fig. 2, and the focal
length is z = 0.03A. The intensity is normalized to its maximum
value for each plate. The focal sizes of three slits and a single slit
are $3 = 0.021 and S1 = 0.0364, respectively.

Figure 5 shows the performance of REI enabled by a
Fano resonance. We can evaluate the performance of Fano
REI seen for the three-slit system by considering the ratio
between the focal length and the spot size, as proposed
previously [49]. From this, we find the ratio to be 1.5,
which is larger than the single slit by a factor of 1.8, as
shown in Fig. 5.

IV. SCALING TO THE VISIBLE REGIME

It is important to scale from low frequencies to the visible
regime for real metals with finite permittivity where loss
and plasmonic features come into play [50].

Figure 6 shows subdiffraction focusing in the visible
regime using FDTD simulations with an experimental
dielectric constant of silver [51]. Figure 6(a) shows the
intensity distribution of subdiffraction focusing at the
wavelength 680 nm. The thickness of the silver film is
chosen to be on resonance for both three slits and a single
slit, that is, 100 nm and 142 nm. Figure 6(b) shows a
comparison of three-slit Fano REI and the single slit. The

200 5 1
() ()
100 1
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0 0 = 05
C )
-100 -1
-200 2 0
00 0

-1 100 200 300 -0.2 0 0.2
z(nm) X/

——single slit
—three slits

x(nm)

normalized intensity

FIG. 6. Subdiffraction focusing in the visible regime. (a) The
intensity of the x component of the electric field on a log scale in
the x-z plane. The central slit is 20 nm in width, and satellite
slits are 15 nm, separated by 15 nm. (b) The profile of the field
intensity 32 nm away from the slits, compared with a single slit.

field distribution and focusing property are similar to that of
PEC slabs. This similarity is due to the inherent scalability
of the Fano resonance in the slit system.

V. DISCUSSIONS

Applying the superfocusing metric [49], that is, the ratio
of the focal length and the focal size, we can compare this
Fano subdiffraction focusing with the other approaches. We
find that the poor man’s perfect lens is 0.5 in the UV [4,49],
the typical REI is 1.34 [3,22,49], and the Fano subdif-
fraction focusing in this work is 1.5 at the microwave
regime and 0.6 in the visible regime. Therefore, the Fano
scheme is comparable to past REI demonstrations but
has the additional advantage of boosting the local field
intensity.

In the microwave and THz regimes, metals are well
approximated as perfect conductors, and the coupling
between the narrow mode and the broad mode will produce
a sharp Fano resonance; therefore, a deep subdiffraction
focus should be well defined. In the visible and near-
infrared regime, because of metal loss, the transmission
resonances of individual modes (especially the narrow
mode) will become less sharp. To demonstrate the influence
of losses, we have included a realistic calculation showing
less-defined focusing in Fig. 6. The available nanofabri-
cation technology also places a limit on the size of the slit;
however, slits as small as 1 nm have been fabricated
reliably [52]. We do not study the influence of these
tolerances here.

The proposed structure dimensions for the visible light
are compatible with the present nanofabrication achieve-
ments. This is based on the recent experimental demon-
strations; for example, a 14-nm slit in the length of 3 ym
was made in a metal-insulator-metal (MIM) waveguide
[53], and even a 1-nm slit has recently been achieved by
atomic-layer deposition [52]. One of the advantages of
the approach introduced in this work to implement REI at
the visible regime is that, unlike the dielectrically loaded
MIM waveguide [20,54], the proposed structure relaxes
the requirement of a varying refractive index in the slits. In
addition, the Fano superfocusing can be directly excited by
a plane wave, which avoids the challenge of exciting the
highest mode of MIM-waveguide arrays as required in our
past work [20].

This approach can be generalized to more than two
modes. For example, there are three modes in the five-slit
configuration, and the phase distributions are found as
“b+ 4+ 4+ 4+ “-040- and “4+ — + —+.” The cou-
plings between these modes produce two Fano resonances,
and REI can be found around the resonance of the highest-
order mode where destructive interference is obtained
between adjacent lobes. Because of the complexity in
effectively designing the coupling of multiple modes, we
typically found that the focus is less confined than in the
three-slit one. Additionally, by symmetry, three slits is the
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minimum required to obtain subdiffraction focusing by a
Fano resonance for normal incidence.

VI. CONCLUSIONS

In conclusion, we have demonstrated that the Fano
resonance of the multiple-slit system can produce REI to
achieve subdiffraction focusing. This Fano resonance
allows for suppressing radiation through destructive inter-
ference, which is critical to the physics of REIL It also
resonantly enhances the local field from the nonradiating
(evanescent) components, which gives a “brighter" focus
spot. While the theoretical formulation was developed for
PECs, we showed that the concepts can be extended into
the visible regime. This is of interest to many applications
of near-field imaging and spectroscopy, where it is critical
to have a noninvasive probe that operates at a distance, for
example, subdiffraction imaging inside cells [55] or imag-
ing defects inside semiconductors [56].
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APPENDIX: MODE MATCHING
FOR THREE SLITS

Considering three identical slits with width a, located
at —d, 0, d, the even modes can be found as

e e () (o) ()
=) - (e) (5

where r(-) is the rectangular function. When a TM plane
wave impinges on the triple-slit system, the reflected
magnetic fields can be written as the expansion of
plane-wave modes, both propagating and evanescent.
Considering mode E!(x) only, and applying the continuity
of the E, and H, at the incident interface, we get

and

o k. (k .
I+ / /(c stk =m0 (A1)
—0 0
and
1 o ik !
Z— 1 - s(kx)el "xdkx = tHy(x)’ (AZ)
0 —o0

where k,(k,) = ko> — k2, s(k,) is the reflection ampli-
tude, and ¢ is the transmission coefficient. The dependence

of fields on x is ignored in the following for simplicity.
Taking the Fourier transform of Eq. (A1) gives

k tk
$(—h) = =2 0(ke) +
2 Z

F(E). (A3)

where F(EL) = [%_ EL(x)e~**dx. Incorporating Eq. (A3)
into Eq. (A2) gives

© kot - .
2— / O F(EY)e ™~ dk, = ZytH).

A4
o 27k, (a4)

Multiplying Eq. (A4) by E(x) and integrating over x gives

) © tk, - )
> / Eldx — / O F(EDdk, = Zot / HIEldx.

oo o 27k,

The transmission coefficient ¢ is found as

2 [* Eldx
" s ke [F(EDPdk, + Zo [, HIErdx (A3)
X X 0 J—co Hytx

—oo 27k,

Similarly, on the other side of the slab, that is, the exit
interface, we find that

(1 nee) = [TEE gerak (as)
—o0 0
and
1 o0 )
(=) =5 [ glketdk. (A7)
0J—
The Fourier transform of Eq. (A6) yields
14+rky~
(k) ==L FIENX)) (A8)
Zz
Inserting Eq. (A8) into Eq. (A7) leads to
1 © kg ~ .
(=) =3 o [T R FE W)k, (A9)
i 27TZ() — kz

Multiplying Eq. (A9) by El(x,h) and integrating over x
yields

1—r  [SPIF(ED dk,
1+r 2nZ, [® H(x)EL(x)dx

(A10)
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Finally, the transmission 7', related to the mode E!(x) is
given by

V1 — |r|* exp(iph)

T, =
! 1 — r? exp(2iph)

2 (o)
/ [tH)]*tEldx, (All)

[Se]

where h is the thickness of the metal slab and f is the
propagation constant in slits.

The same procedures can be applied to the mode E3(x),
and the related transmission 73 is found as
|

V1 —[rs* exp(ipsh)

1 — r3% exp(2ipsh)

2 Y]
T3 = / [t3H§,]*t3E§dx

[se]

(A12)

Next, we will discuss the total transmission, including
both mode 1 and mode 3. Considering the cross coupling
between the two modes, the following equations are found
by applying the continuity of the tangential components of
the electric and magnetic fields at the boundary of z =0
and z = h, respectively:

© k .
1+ / k—zs(kx)e’kx"dkx = c{Ef + cTEy + ciEy + ¢5E5,
—o0 R0

o .
1- / s(ko)e®™*dk, = ¢cfE] — cTET + ¢TE — ¢5E;,

ok .
/ g(ky)e™*dk, = ¢TEf + ¢TET + ¢ Ef + ¢5E3,

o ko

S .
[ stketd, = et - By + 1B - s,

where s(k,) and g(k,) are the field amplitudes of a plane wave with the x component of the wave vector k,, E{ and EJ are
the forward mode 1 and mode 3, E| and Ej are the backward ones, and cf, cr, c3+, and c3 are unknown coupling
coefficients. By applying similar procedures as in the single-mode matching, also using the orthogonality, the coefficient
vector X is obtained as

X = A'b, (A13)
with
11]+Cl I]]—Cl 113 113 2(1(1—*—1/\/5)
A= I3 I3 Iy +a Iy3—a b= 2a(1 —1/v/2)
ej(ﬂ]+ﬁ3)hll3 ej(ﬂl_ﬂS)hIl3 ezjﬂ3h(133 — a) 133 _|_ a O

where f; and f; are the propagation constants of modes,

and

w  sin®(zau)

oo T2UAV 1 — U2

w  sin®(zau)
I = N

I =

o UV 1 —u? |

172
cos(2rwdu) + —=| du,
_ ﬂ}

[ 1
cos?(2zdu) — 5] du,

- 12
cos(2zdu) ——| du.
i ﬂ]

The transmitted power is calculated by using the Poynting
theorem, and the total transmission cross section is found as

or =a(lcf > = [y P + |5 ]P — Ie5 ).

(A14)
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