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Abstract

This paper reports a new type of diffractive microlens based on finite-areas of 2D arrays of
circular nanoholes (patches). The plasmonic microlenses can focus single wavelengths of light
across the entire visible spectrum as well as broadband white light with little divergence. The focal
length is determined primarily by the overall size of the patch and is tolerant to significant changes
in patch substructure, including lattice geometry and local order of the circular nanoholes. The
optical throughput, however, depends sensitively on the patch substructure and is determined by
the wavelengths of surface plasmon resonances. This simple diffractive lens design enables
millions of broadband plasmonic microlenses to be fabricated in parallel using soft
nanolithographic techniques.

Microlenses play many important roles in micro-optoelectronics,! from coupling light into
single mode waveguides? to collimating emission from laser diodes? to displaying images in
three dimensions.*: > Although refractive microlenses are extensively used in commercial
devices, chromatic and spherical aberrations®: 8 restrict their range of application. In
contrast, diffractive lenses (known as micro-Fresnel lenses) exhibit less aberration; however,
their physical size”+ 8 and complex 3D surface profiles limit their use in miniaturized and
highly scaled devices because the micro-circuitry fabrication requires precise alignment
among multiple lithographic steps.®

Surface plasmons, collective charge oscillations on a metal surface, provide opportunities to
reduce the size of optical elements by strong confinement of electromagnetic radiation.10-12
Optical components composed of plasmonic materials exhibit enhanced optical
transmission,13-15 nanoscale waveguiding,16-18 and light generation in subwavelength
volumes.19-21 The principles of diffraction from nanostructured surfaces have been used to
control the coupling of light into and out of surface plasmon modes!? and have also been
applied to design plasmonic lenses with subwavelength features. Plasmonic microlenses
reported previously, however, have required that their substructure (usually nanoslits) be
fabricated with variations in size such that each aperture transmitted light with a different
phase delay.22-26

Here we report how finite-areas of two-dimensional (2D) arrays of plasmonic nanoholes can
function as broadband microlenses. Patches of circular nanoholes focused single
wavelengths of light across the entire visible spectrum as well as broadband white light with
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minimal divergence. Different from other plasmonic lenses that require precisely designed
substructure to operate at specific wavelengths, patches exhibit focusing characteristics that
are mostly independent of lattice geometry. We found that the focal length was defined
primarily by the overall diameter of the patch but that the optical throughput was determined
by the surface plasmon resonances of the patch substructure. The discovery that plasmonic
diffractive microlenses can exhibit robust focusing properties that are highly tolerant of
substructure opens opportunities to generate large-area arrays using massively parallel
nanofabrication methods.

Figure 1 depicts the focusing properties of a 2D finite array (patch) of plasmonic nanoholes.
A 5-um diameter patch having circular nanoholes arranged in a square lattice was prepared
by focused ion beam (FIB) milling of a 180-nm thick Au film on a glass substrate. All the
holes had the same diameter and were on a pitch ag = 400 nm (Fig. 1A). Confocal scanning
optical microscopy?2 was used to map the 3D optical fields generated from plane waves
incident on individual patches. Under collimated, unpolarized light at an operating
wavelength A = 500 nm, a well-defined focal spot (location of maximum intensity) was
observed in the xz plane through the center of the patch at z = 13.3um (Fig. 1B). The focal
spot is subject to the classical diffraction-limit because far-field focusing does not originate
from evanescent field recovery23 or superoscillations.?4 27 The FWHM of the spot (at the
focal plane) was 1.83um (Fig. S1), which is smaller than the focal spot from a 2D array of
spatially varying apertures.2> Multiple orders of maxima resembling characteristic
diffraction patterns from a Fresnel zone plate were observed even though the nanoholes
within a patch—unlike the substructure within a diffractive lens—were uniformly spaced
and had the same size. Also, the periodic lattice generated checkerboard optical patterns in
the region close to the Au film (<10um) that are attributed to the Talbot effect, a self-
imaging phenomenon exhibited by infinite 2D nanohole arrays.28 This diffraction pattern
was not present beyond the near-field region because of the finite size of the nanohole
arrays.

Similar to other diffractive lenses,2? the focal spot size (w) of the patch decreased slightly
when the incident wavelength increased (Fig. S1). Hence, a focal spot of higher quality
(smaller ratio of spot size to wavelength) can be achieved at longer wavelengths (Figs.
1C-1E). The dependence of focal length on operating wavelength A of a patch can be
expressed by a relation derived from the Rayleigh-Sommerfeld integral for a circular
aperture with radius p:3°

di np* | (np?
d_Z: — 2A0 /122 sin (P =0

where | is intensity, Ag is the maximum intensity, and z is the distance from the aperture.
The calculated focal lengths are 12.5, 11.5, 9.3 and 8 um for a 5-um patch at A = 500, 545,
670 and 780 nm, respectively; all values are in good agreement with Figs. 1B-E. Notably,
the shift of the focal length was much smaller than the depth of focus over all wavelengths
(Fig. 1F), which suggests that patches can act as broadband plasmonic microlenses with a
common focusing region throughout the entire visible range.

To model the focusing effects of lenses with circular nanoholes, we carried out analytical
calculations by considering each nanohole as a point dipole source of light. The calculated
optical field distributions agree very well with experiment (Fig. 2, red and green curves) and
indicate that the focal spot is formed from the interference of in-phase electromagnetic (EM)
waves emerging from the nanoholes (Fig. S2). Also, excellent agreement is seen in far-field
optical patterns simulated using the finite-difference time-domain (FDTD) method (Fig. 2,
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red and blue curves). The simulated near-field distributions provide additional confirmation
that the EM waves transmitted through every nanohole have the same phase and similar
amplitude (Fig. S3). This phase-coherence is a direct result of normal incidence excitation of
surface plasmons in the nanohole array: plasmon oscillations that are in-phase among
nanoholes on the input surface (glass-gold interface) remain in-phase on the output surface
(gold-air interface) after transmission. Hence, similar to a single aperture of the same overall
size (Fig. S4), the focal length of a patch is proportional to its diameter and inversely
proportional to the square root of the operating wavelength (Eq. (1)).3°

Because their focusing effects are not a consequence of phase-front engineering, 5-um
patches with periodic or aperiodic lattices had nearly identical focal spots (Fig. 3A-3C).
Radial symmetry is absent, however, in the region near the patch surface of the Penrose
lattice because of aperiodicity (Fig. 3C). Although the 3D transmission pattern (e.g. focal
length, depth of focus, focal spot size) can be explained by a model treating the nanoholes as
identical point dipoles, the optical throughput and the intensity of the focal spot depend on
surface plasmon-enhanced transmission through the subwavelength apertures. Figure 3D
compares the transmission spectra from the different 5-um patches, where surface plasmon
polariton (SPP) Bloch wave modes31-34 were present at different wavelengths depending on
the lattice symmetry. The SPP resonances are broadened significantly compared to those
supported by infinite hole arrays because of the finite-size of the patches.3® Since
subwavelength circular holes do not support photonic modes,38 SPP-enhanced optical
transmission is critical to observe focusing.3% 37 38 Evidence that the transmission is
mediated by surface plasmons is demonstrated in a control experiment on patches in Ti (a
non-plasmonic material at optical frequencies) (Fig. S5). With geometric parameters
identical to the Au patch in Fig. 1, a Ti patch showed optical throughput much lower over a
broadband range (and 40 times lower at A = 780 nm).

Microlenses that rely on surface plasmon-mediated optical transmission can be easily
designed and fabricated with polarization sensitivity. Patches with anisotropic hole shapes
(all the same size) exhibited a high polarization ratio:3 the transmission of TM-light with
electric field polarized perpendicularly to the long axis of the hole was two orders of
magnitude higher than the transmission of TE-light at a SPP resonance (Fig. 4A). Such a
high polarization ratio can also be observed in the focusing effect. Despite similarities in the
optical pattern to patches of circular nanoholes in Fig. 1, the intensity of the focal spot from
TM-light was more than 100 times that of TE-light (Fig. 4B).

The light transmitted through the patches was also highly directional. This beaming is
reminiscent of transmission from single nanoholes surrounded by periodic grooves,*0: 41
although the latter effect results from interference among scattered plasmon waves at the
central hole. The directional emission of light from the patches suggests that neighboring
patches can be situated in close proximity without obvious interference between their light
beams. We demonstrated that 5-pum patches patterned edge-to-edge and with no inter-patch
spacing maintained high focusing integrity (Fig. S6). The minimal crosstalk between
adjacent patches makes the plasmonic microlenses promising for high-density photodetector
arrays*? and high-throughput photolithography,8 where close-packed arrays of miniaturized
microlenses are desirable.

Although FIB is a powerful tool that is useful for prototyping plasmonic microlenses, highly
parallel fabrication methods are needed to create large-area arrays. We used soft interference
lithography (SIL) followed by PEEL3%: 43 to create arrays of 5-um Au patches of nanoholes
on a 20-um pitch (Fig. 5A-5B). One perceived disadvantage of this high throughput,
hierarchical technique is that finite-sized areas often have smaller nanohole sizes around the
edges of the microscale patterns (Fig. 5C). The nonuniformity in size did not dramatically
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affect the performance of the patch, however; each microlens in the array still exhibited
highly directional beaming with independent foci. Significantly, the arrays of patches focus
broadband (white) light (Fig. 5D) due to the minimal chromatic aberration. The focal points
under white light illumination had the same lateral dimensions as those under single
wavelengths, while the broadband focal length was approximately the average of the focal
lengths at SPP wavelengths (i.e. 570 nm and 700 nm for the patch arrays, Fig. S7). The
primary optical difference between FIB and SIL-PEEL generated microlenses of ostensibly
the same size (diameter = 5 um) was the slight decrease in focal length. The source
amplitudes were diminished towards the outside of the patch because of the smaller holes on
the perimeter, which effectively reduced the number of nanoholes (and overall patch
diameter) contributing to the optical diffraction pattern. Smaller diameter patches, therefore,
exhibited shorter focal lengths (Fig. S8).

In summary, we have introduced a new type of plasmonic diffractive lens based on patches
of circular nanoholes that can be patterned in arrays over wafer-sized areas. The patches
focus and beam light with single-element dimensions drastically smaller than conventional
diffractive microlenses. Supported by analytical calculations and numerical simulations, the
focusing and beaming properties of the patches can be explained by a combination of both
optical diffraction and surface plasmon effects. Moreover, patch substructure can be tailored
to provide high transmission at specific wavelengths and effectively operate as a tunable
band-pass filter. The broadband focusing capabilities of the patches sets them apart from
other diffractive and refractive microlenses and opens applications in multi-color stereo
imaging, broadband light collection, and multi-channel optical communication.
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Figure 1. Patches of plasmonic nanoholes can focus over a range of different wavelengths

(A) SEM image of a 5-um patch of nanoholes with the same size and shape. The circular
nanoholes are 150-nm in diameter and ag = 400 nm. (B)-(E) Confocal scanning optical
images of the patch at A = 500 nm, 545 nm, 670 nm and 780 nm (x-z plane scanning area =
10 x 40 um?). (F) Over the visible spectrum, the change of the focal length was smaller than
the depth of the focus.
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30

40

Figure 2. Confocal optical measurements, point-source calculations and FDTD simulations
showed excellent agreement on focal length and depth of focus for a 5-pm patch
z-linescans of measured and simulated 3D optical field maps for the patch in Fig. 1 are

shown at (A) A =500 nm, (B) A =545 nm, (C) A =670 nm, and (D) A = 780 nm.
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Figure 3. Focal spots from patches of the same size were independent of lattice symmetry

The location and the geometry of the focal spot did not change when (A) ag (= 400 nm in
Fig. 1) was reduced to ag = 300 nm, (B) increased to ag = 600 nm, or (C) in an aperiodic
array (Penrose lattice) at L = 670 nm. (D) Surface plasmon resonances were tuned by
changing the lattice geometry, which provides a means to control the optical throughput of
the microlenses at specific wavelengths. The transmission spectrum of Ti patches exhibited
much lower amplitudes than Au.
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Figure 4. Plasmon-enhanced transmission provides means to tune the optical throughput by
polarization

Nanoholes were patterned with an aspect ratio of 7:1 (350 nm x 50 nm). (A) At the plasmon
resonance, the transmission intensity of TM light (electric field along the short axis of the
nanoholes) at A = 620 nm was more than two orders of magnitude higher than that under TE
light. The intensity difference was also observed in the confocal scanning optical images
under (B) TM- and (C) TE-polarized illumination.
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Figure 5. Broadband (white) light can be focused by large-area plasmonic microlens arrays
(A) Photograph of Au films perforated with arrays of patches on glass cover slips. (B)-(C)
SEM images of the 5-um patches patterned 20 um apart (center-to-center) using a high-
throughput soft nanolithographic method. (D) 3D optical image from a wide-field optical
microscope. Identical foci from individual patches were observed under broadband
illumination.
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