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Using the Green function method, we theoretically achieve good focusing beyond the diffraction
limit in a visible light region through a subwavelength slit flanked by grooves. The full width at
half maximum (FWHM) of the focused spot reaches 0.34 (A is the wavelength of incident light),
which is far beyond the diffraction limited line width of 0.51. The phenomena of the exceeding
diffraction limit in our structure exist in the range from 500 to 630 nm. Our results can be well
explained by the interference interaction between the field of the central slit and the fields
penetrating through the grooves. Such image focusing will give rise to various applications in near
field microscopy, lithography, high-resolution image and help to improve the design of plasmonic
nanodevices.
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1. Introduction

Metallic nanostructures have been the object of intensive research as they support surface
plasmons, which are the collective oscillations of the electron gas in metals [1, 2].
Surface plasmons, localized and propagating in metallic nanostructure, give rise to
enormous potential for light manipulating at nanoscale, field-enhanced spectroscopy,
subwavelength imaging, optoelectronic devices, and chemical sensing [3—7]. The stud-
ies of functional metallic nanostructures not only broaden our fundamental under-
standing of photon interaction in nanosystem, but also help to build the far-reaching
technological devices.

In exploration of various distinct plasmonic nanoscale applications, the extraordinary
optical transmission (EOT) effect has gained extensive research efforts since its exper-
imental discovery by EBBESEN et al. [8—11], and it is understood as the resonant inter-
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ference coupling between the excited plasmonic waves on both surfaces of the metal
films [12]. By designing various metallic structures, such as metal film with nano-
grooves or subwavelength slit, it is possible to enhance light transmission as well as
to modify diffraction image so as to get good nanofocusing devices [13, 14]. In fact,
enormous efforts have been devoted to the development of nanogrooves structure for
their fantastic nanofocusing and easy fabricated properties so as to exceed a diffraction
limit in different optical regions. GRBIC et al. recently reported a well focusing beyond
the diffraction limit at about 1 gigahertz caused by strong spatial confinement of
electromagnetic waves in the near-field plate’s structure [15]. MARKLEY et al. suc-
cessfully achieved subwavelength focusing at 10 gigahertz by using a spatially shifted
beam approach [16].

With the purpose of building functional imaging and spectroscopy devices, it is of
great importance to extend the nanofocusing to a visible regime. But the strong near-
-field coupling through the metal film makes it hard to realize because the skin depth
cannot be neglected [17]. Besides, light absorption and complicated manual structures
are also great challenges [18]. It is not easy to fabricate subwavelength features in
a large scale, and huge energy loss of visible light associated with the magnetic
response exists in metallic materials [19]. Recently, some intriguing nanofocusing
phenomena beyond the diffraction limit in a visible regime have been observed.
WROBEL et al. got a focused spot through a concentrically corrugated silver film with
the full width at half maximum (FWHM) being 0.46 A4 (A is the wavelength of incident
light) [20]. CHEN has designed a novelty structure that can break the diffraction limit
up to about 400 nm behind the output surface [21].

In this paper, we present a well visible regime nanofocusing in an easily fabricated
nanostructure with a subwavelength slit and nanogrooves; the FWHM of a focused
spot reaches to 0.34, which is far beyond the diffraction limited line width of 0.5A.
The strong plasmonic coupling and resonant energy transmission in our designed
structure overcome the main drawbacks of light absorption and energy loss in metals,
so the good nanofocusing in a visible regime can be achieved. Our findings will help
to improve the design of various plasmonic devices for subwavelength focusing and
high resolution image.

2. Theory

The material is assumed to be nonmagnetic and an exp(—i@¢?) time dependence is used
for the fields throughout the paper. One can write the wave equation of the total electric
field as

Vx(VXE)-ke(r, ©)E = 0 (1)

where k is the vacuum wave number. Following MARTIN and PILLER [22], we introduce
the dielectric contrast (the subscript B means background)

Ag(r) = &(r) — &y(r) (2)
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and the background Green function which satisfies the equation
VX(VXGB(r,r'))—kégBGB(r,r') = 1d(r, r") 3)

where I is the unit dyad.

According to the structure we study (Fig. 1), we choose the background to be
a film (infinite in the x—y plane) of thickness d embedded in the infinite space. That is
the case of no slit or grooves in Fig. 1. By using this technique, we change the dif-
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Fig. 1. Schematic picture of the structure that we study (cross-section). A slit of width a in a film of
thickness d is surrounded by the grooves of the same width in the input surface symmetrically. The depth
of the grooves is 4 and the period of the grooves is p. We set five grooves on each side of the slit.

fraction problem into a scattering problem where the slit and grooves can be seen as
scatters. It will be highly efficient in calculation. The dielectric parameter of the film
follows the Drude model and the data of Ag [23].

Then Eq. (1) is equivalent to the integral equation

E(r) = Ey(r) +jdr'GB(r, r')kg Ae(r) - E(r') (4)
14

The integral volume is only the slit and grooves where the dielectric contrast is
not zero.

The background Green function can be calculated from the electric field E (r) of
an oscillating point dipole p, embedded in the system at a position r, by using
the relationship [24]

E,(r) = @ 11,Gy(r, 1) - Py (5)

Here we divide the background into three regions by the boundary of the film. As
we only need to do the integral in the slit and grooves, we set the oscillating point

dipole in the middle region. Then, in each region, we have: E, = E}l', z<0;
E, = E)+E! 0<z<d; E; = E!, z>d. The scattered field E/ satisfied
[V XV x (—kgé‘l.)JEf(r) =0,i=1,2,3; and Eg is the field of an oscillating point

dipole embedded in the infinite medium 2. After matching the boundary conditions
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and setting three dipoles of different oscillating directions, we will get the dyad
background Green function.

In this paper, we consider the situation of a plane wave being normal incident and
the polarization of the electric field being along x axis. As the structure is infinite and
there is no difference in y direction and the incident light is independent of y, we assume
that the fields are independent of y. Then, using the Fourier expansion and with some
derivation, we can rewrite Eq. (4) as

2
ko(go_ é‘m) ,°° ' . ' "o
E(r) = E4(r) + Tsjds j dk,g(k,, k=0, z 2')exp [zkx(x _x )]E(x 2

- (6)

where &, is the dielectric parameter of air and &,, — of metal, g is the Fourier transform
of the background Green function, S is the cross-section of the slit and grooves. It
is highly advantageous to us that only the cross-section needs to be calculated, not
the whole volume.

3. Results and discussion

We focus our analysis on the visible and near infrared regimes. The slit width a and
the thickness of the film d are set to 40 and 100 nm, respectively. As the skin depth of
Ag is only tens of nanometers in the visible regime, fields cannot penetrate through
the film if no groove is present. Besides, the depth of the grooves £ will be a sensitivity
parameter. On each side of the central slit, there are five grooves with the same
width of the slit. In this case, we find that an EOT phenomena at wavelength
A=1500 nm as well as nanofocusing beyond the diffraction limit with the grooves
period p and the depth /4 are both 80 nm.

The transmission spectrum of the structure is shown in Fig. 2. About 4 times
transmission enhancement is observed at wavelength 500 nm when the central slit is
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Fig. 2. Transmission spectra of the structures of single slit and slit with grooves. Here a =40 nm,
d =100 nm, p = 80 nm, # = 80 nm, there are five grooves on both sides of the slit.
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flanked by grooves, as compared to the case of only a single slit. The EOT phenomenon
may be due to the surface plasmons which are excited on the input surface. It is known
that the surface plasmons and quasi-cylindrical wave will be excited when light illu-
minates a subwavelength structure, e.g., a slit or groove [25]. Furthermore, the surface
plasmons or the quasi-cylindrical wave may convert into a radiant light when it
reaches a subwavelength structure. So the fields in the central slit may be enhanced
by the surface plasmons from the grooves surrounding it. Besides, the period grooves
can supply the reciprocal vector which is needed to excite the surface plasmons [26].

The diffraction pattern of the structure at wavelength 500 nm is shown in Fig. 3a.
The detection plane is set to 70 nm behind the film, with the reason that a single slit
will just reach the diffraction limit (4/2) at such position. The standard is similar to
Ref. [15]. For convenience, the curves are normalized. So the place with the value 0.5
at y-axis means the half maximum and we can easily compare their FWHM.
The FWHM of our structure is 0.34 (148 nm). That is a successful subwavelength
focusing beyond the diffraction limit.
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Fig. 3. (a) Diffraction images of the single slit (black) and the slit with grooves (red), the received plane
is 70 nm behind the film. The curves are normalized. The FWHM in the case of the slit with grooves is
0.34(148 nm) which is beyond the diffraction limit. (b) Different items contribute to the diffraction image.
The red curve is the total diffraction image of the slit with grooves. The blue, green and orange curves
are the contribution of the grooves, central slit and the interference between them, respectively. (¢) Near
field image of the case of the slit with grooves. Here a =40 nm, d = 100 nm, p = 80 nm, 4 = 80 nm.
The incident wavelengths are both 500 nm.
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To find out the origin of the nanofocusing, we solve the near field image which is
shown in Fig. 3c. The input surface of the film is set as z = 0 plane, and the film area
is 0 <z < 0.1 um. The color bar is chosen to the logarithm to the base of 10 for clear
sightseeing. We observe that fields penetrate from the end of the grooves to the output
side of the film. So they will influence each other and the interference with the field
coming from the central slit in the output region takes place.

To confirm this idea, we make some changes in the integral equation of the Green
function. Corresponding to the red curve in Fig. 3a, the norm square of the total electric
field which is solved by the Eq. (6) is also shown as the red curve in Fig. 3b. For
conciseness, one can also look at Eq. (4). And we will write the changed integral
equations in the form of Eq. (4). After we get the fields in the slit and grooves by
solving Eq. (6), we define the contribution of the grooves by confining the integral
area to only the grooves

E J’ dr'Gy(r, r')koAe(r') - E(r') (7)

grooves

grooves (r) =

The result of Eq. (7) is shown as the blue curve in Fig. 3b. Analogously, the con-
tribution of the central slit is defined as

Egi(r) = Eg(r)+ [dr'Gy(r, r)kAe(r) - E(r') ®)
slit

which corresponds to the green curve in Fig. 3b.
Then we define the contribution of the interference between them by

2 *
|E(r)|interference = 2R6(Egrooves(r) ) Eslit(r)) (9)

which corresponds to the orange curve in Fig. 3b.

We can see that, although the fields from the central slit have changed because of
the surrounding grooves, it contributes little to the FWHM of the diffraction image.
The contribution of the grooves themselves to the FWHM is also much smaller, be-
cause its value is low comparing to the contribution of the central slit. But the inter-
ference between the grooves and the central slit contributes greatly to FWHM as it has
a positive value in the center to boost the peak value and some negative values in
the neighboring region to cut down the spot size. So we conclude that the focusing is
because of the interference between the field of the central slit and the fields penetrating
through the grooves.

To further investigate the nanofocusing phenomena, we modulate the relative
parameters. Figure 4a shows nanofocusing at different incident wavelengths. We
observe a wide visible region (from 500 to almost 630 nm) where the FWHM is beyond
the diffraction limit. The best focusing is achieved at wavelength 500 nm. It illustrates
that the skin depth plays an important role in the interference between the field of
the central slit and the fields penetrating through the grooves. Figure 4b shows the de-
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Fig. 4. FWHM as a function of different parameters. Here @ = 40 nm, d = 100 nm. (a) FWHM for different
incident wavelengths when p = 80 nm and /# = 80 nm. (b) Diffraction image of the case of (a). In (¢-h),
the incident wavelengths are both 500 nm, and the received plane is 70 nm behind the film. (¢) FWHM
for a different number of grooves. (d) Diffraction image of the case of (¢). (¢) FWHM for different p
when 4 =80 nm. (f) Diffraction image of the case of (e). (g) FWHM for different # when p = 80 nm.
(h) Diffraction image of the case of (g). There are five grooves on both sides of the slit in (a, b, e-h).
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tails of diffraction images. For smaller wavelength, e.g., 450 nm, deeper skin depth
causes the fields much more penetrating through the grooves so that the sub-maximum
is very high; on the other hand, smaller field penetration through the grooves also
results in poor nanofocusing for larger wavelength.

Figure 4¢ shows the relationship between the number of grooves and the FWHM.
In the beginning, the FWHM reduces as the number of grooves increases. But after
five grooves, more grooves will not reduce the FWHM anymore or even a small
increase can appear. The FWHM tends to be steady after nine grooves. Figure 4d is
the diffraction image corresponding to Fig. 4c.

In Figure 4e, we change the period of the grooves while keeping the depth of
the grooves # = 80 nm unchanged. The trends of FWHM are similar to each other if
one groove period is the power of two times the other groove period. The small period
can be seemed to add a groove in the middle of the adjacent grooves of the big period.
Although there are only five grooves on each sides of the central slit in Fig. 4e,
however, we have proved that five grooves are enough in Fig. 4¢. The detail diffraction
image is shown in Fig. 4f.

Finally, in Fig. 4g, we change the depths of the grooves while keeping the period
of the grooves p = 80 nm unchanged. The FWHM reduces as the depth of the grooves
increases. Greater depth indicates more fields penetrating through the grooves. This
observation is a good evidence for our interference explanation of nanofocusing.
Surely too deep grooves are not good because the affect of the sub-maximum cannot
be ignored. Such as 2 =90 nm as it is shown by the red curve in Fig. 4h which is
the diffraction image corresponding to Fig. 4g.

4. Conclusions

In conclusion, we achieve nanofocusing beyond the diffraction limit in the visible
region from 500 to 630 nm through a subwavelength slit surrounded by nanogrooves.
The FWHM of the focused spot reaches 0.34, which is far beyond the diffraction
limited line width of 0.54. Our results can be well explained by the interference
interaction between the field of the central slit and the fields penetrating through
the grooves. Such subwavelength image focusing will give rise to various applications
in near field microscopy, lithography, high-resolution image, and so on.
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