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Super-oscillatory optical needle
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Super-oscillatory optical lenses have recently been shown to achieve subwavelength focusing and
have been used for super-resolution imaging. However, the subwavelength hotspots created by
these lenses are always accompanied by sidebands containing a significant fraction of the optical
energy and are highly localised in the axial direction. Here, we report a class of super-oscillatory
lenses that form extended subwavelength optical needles on a 154 field of view. © 2013 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4774385]

The Arago spot'~ excited great controversy when first pro-
posed and was one of the early proofs of the wave theory of
light. In this letter, we will show that this 200-yr-old phenom-
enon still has applications at the cutting edge of nanophotonics.

Super-oscillatory lenses (SOLs) are a promising technol-
ogy for subwavelength focusing® and imaging®” beyond the
near field, but use of the hotspots in some applications is lim-
ited by the presence of sidebands in the region of the spot.
Following from the principle of super-oscillation,®’ these
lenses focus light into subwavelength spots. Other focusing
methods similarly inspired by super-oscillation include a
mask with variable attenuation and retardation® or by using
precisely engineered arrangements of waveguides’™'' or
microwave antennas,lz’13 but all these methods suffer from
sidebands of significant intensity near the focal spot.®'* Near
field approaches to focusing'>™" can produce subwavelength
spots without sidebands, but they are limited in many appli-
cations as the focal spot is in the near field of the “lens.”
While imaging in the presence of sidebands has been suc-
cessfully demonstrated, these sidebands restrict the use of
these spots in other applications. For example, in direct write
lithography, it would be impossible to use the hotspot to
write a subwavelength feature in a photoresist without simul-
taneously exposing the resist illuminated by the sidebands.

Here, we propose and demonstrate a class of SOLs,
which we term optical needle SOLs (ONSOLs), in which the
sidebands are moved far from the focal spot. These lenses
also produce an extended focal spot in the axial direction, in
contrast to standard SOLs which produce one or more axially
localised spots. These optical needles are ideal for imaging
or writing of planar structures, although they reduce axial re-
solution in 3D imaging applications.

It should be noted that the optical needles described here
are distinct from those formed by longitudinal polarisa-
tion®"?? as they form a subwavelength needle from a line-
arly polarised input beam, allowing much easier realization
and a wide range of applications. For example, ONSOLs
would be well suited to selectively coupling light into an
array of waveguides on a nanophotonic chip. Each transverse
slice of the optical needle has radial oscillations similar to a
non-diffracting Bessel beam,”** although the pattern
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changes on propagation, while retaining its needle-like char-
acter. The ONSOL also forms the needle from a complex in-
terference of beams with a large range of k vectors, rather
than the very narrow range in a Bessel beam.

Below we discuss the design of the ONSOL and com-
pare its focusing performance to that of a standard SOL and
a simple disc.

The principle of operation of a ONSOL is the same as
that of a standard SOL:’ the careful design of the lens diffracts
an incident plane light wave so that it interferes constructively
at the focal spot. The crucial difference in a ONSOL is that
the central region of the lens is obscured by a stop, forming a
shadow region in which the focus is formed (Fig. 1).
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FIG. 1. Comparison of SOL and ONSOL. The SOL produces a complex pat-
tern of spots and sidebands at different distances for the lens. The ONSOL
produces a much simpler pattern with a subwavelength needle on the optical
axis and sidebands far from the axis.
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FIG. 2. Designs ((a)—(c)) and SEM images ((d)—(f)) of the of the lenses. (a)
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and (d) SOL, (b) and (e) ONSOL with 20 um diameter opaque region, (c)

and (f) control sample; 20 um diameter Au disk in a 70 um diameter trans-

parent region.
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FIG. 3. Experimental ((a)—(c)) and simulated ((d) and (e)) intensity of the

lens interference patterns. (a) and (d) SOL, (b) and (¢) ONSOL with 20 um
diameter opaque region, (c) and (f) disc control sample. The colour scale in
plots (c) and (f) has been adjusted to improve the visibility of the very low

intensity spots.
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FIG. 4. Distribution of FWHM and axial intensity
(in arbitrary units) with propagation distance away
from the lens for (a) the SOL, (b) the ONSOL; each
figure on the right hand side shows the correspond-
ing zoomed-in view from O to 10 um. The simulated
FWHM of the disc spot is shown in (b) by the
dashed line.

Downloaded 30 Jan 2013 to 152.78.73.155. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



031108-3 Rogers et al.

Figs. 2(a) and 2(d) show a standard SOL that creates
multiple focal spots, while Figs. 2(b) and 2(e) show the same
lens converted to a darkfield configuration, by inclusion of a
20 um diameter opaque circle at the centre of the lens. The
design of the two lenses is otherwise identical. The lenses
are manufactured by focused ion beam (FIB) milling of a
100 nm thick gold film deposited on a silica substrate. We
compare the performance of the two lenses to that of a sim-
ple gold disc (Figs. 2(c) and 2(f), diameter 20 um) formed in
the same gold film with an unstructured transparent region
around it.

To experimentally characterise the focusing perform-
ance of the masks shown in Fig. 2, they are illuminated by
a collimated laser beam with wavelength 640 nm. A con-
ventional microscope with high NA objective (Nikon CFI
LU Plan Apo EPI 150X, NA =0.95) is used to capture the
diffraction pattern generated by the mask at various distan-
ces away from the surface. Since the subwavelength focal
spots are formed by interference of propagating waves,
they can be accurately imaged through a conventional
microscope.

Figures 3(a)-3(c) show the experimental evolution of
the focal spots with distance from the lens. Comparison
with simulations using the scalar angular spectrum method
(Figures 3(d)-3(f)) shows excellent agreement, demonstrat-
ing that the focusing effect does not rely on the light’s
vectorial nature and indicating the adequacy of the scalar
theory for the focusing effect we describe. In the case of
the standard SOL (Figs. 3(a) and 3(d)), several focal spots
are formed at different distances from the lens. However,
the ONSOL forms an ~7um long optical needle, starting
4 ym from the lens. The control sample forms a series of
spots that are a factor of five lower in intensity than those
formed by the SOLs. These are manifestations of the well-
known Arago spot, formed in the shadow of a circular
obstruction.

Figure 4 shows the distribution of the measured full
width at half maximum (FWHM) of the hotspots generated
by each of the three structures. For a conventional SOL, the
smallest spot (0.351) is found at 5.7 um (shown in Fig. 5(a)).
No subwavelength spots are formed by the SOL beyond
15 um. For the ONSOL, the smallest spot is found at 5.9 yum
(Fig. 5(b)). Though this is larger (0.424) than that in the case
of the SOL, it has the advantage of being isolated from any
significantly intense sidebands as shown in Fig. 5(d). The
FWHM distribution of the ONSOL (Fig. 4(b)) shows that
from about 4 um to 10 um, a needle is formed with a constant
subwavelength width. The intensity of this needle is monot-
onically increasing and varies by less than a factor of 2
between 5 um and 9 ym, more than 64. No such needle is
seen in the case of the SOL. Interestingly, beyond z =40 um,
the FWHM distribution looks similar for both the SOL and
the ONSOL. The dashed line in Fig. 4(b) shows the simu-
lated FWHM distribution for Arago spots formed by the
20 um gold disk. The subwavelength spots seen near the
gold disc in the simulation are of such low intensity that they
cannot be measured experimentally.

Fig. 6 shows the effect of a change of blocking region
diameter on the optical needle without varying the rest of
the ONSOL. As might be expected from a consideration of
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FIG. 5. Focal spots at (a) z=5.7 um for the SOL and at (c) z=5.9 um for
the ONSOL. (b) and (d) show intensity profiles through the lines in (a) and
(c), respectively.

simple diffraction effects, the main effect of increasing the
size of the blocking region is to move the needle away
from the ONSOL and to increase the size of the field of
view around the needle. The intensity of the needle also
reduces, primarily as a result of the lower overall transmis-
sion of the masks with larger blocking regions. For the di-
ameter of 20 um used in the experiments, we achieve a
reasonable compromise of needle intensity and length
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FIG. 6. Simulated optical needles formed by ONSOLs with various diame-
ters of the blocking region. The length of the needle increases with the diam-
eter of the blocking region and the needle moves further from the ONSOL,
but the intensity of the needle reduces.

while forming the needle far enough from the mask to be
technologically useful.

In conclusion, we have demonstrated focusing into iso-
lated subwavelength spots beyond the near field and the crea-
tion of an (114) long subwavelength optical needle. The
easy-to-manufacture ONSOL will have applications in many
areas of nanophotonics such as super-resolution imaging and
nanofabrication with light.
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