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ABSTRACT: Super-resolution imaging methods such as
structured illumination microscopy and others have oﬀered
various compromises between resolution, imaging speed,
and biocompatibility. Here we experimentally demonstrate
a physical mechanism for super-resolution that oﬀers
advantages over existing technologies. Using ﬁnely structured, resonant, and controllable near-ﬁeld excitation from
localized surface plasmons in a planar nanoantenna array,
we achieve wide-ﬁeld surface imaging with resolution down
to 75 nm while maintaining reasonable speed and
compatibility with biological specimens.
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S

2-fold versus standard microscopy. Traditional SIM utilizing the
best available optics is not enough to bring the resolution down
to deep sub-100 nm scales,18 despite tremendous demand for
such a tool in various applications.
It is always possible to improve resolution by decreasing the
illumination wavelength. However, this is accompanied by an
increase in photon energy, which becomes prohibitive for
biosamples even at ultraviolet frequencies. One approach with
demonstrated success, plasmonic SIM (PSIM),19,20 achieves
shorter wavelength without increasing the photon energy by
taking advantage of surface plasmon polariton (SPP)21
dispersion at a metal−dielectric interface. The PSIM method
has potential for higher resolution, if the dispersion properties
can be specially designed and combined with traditional SIM.22

ince Ernst Abbe described the diﬀraction limit over a
century ago, high-resolution optical imaging has become
better and better over the years and is now pushing up
against theoretical limits. For many active areas of biological
research,1−5 this limit has become a barrier to improved
biological understanding. In recent years, surface imaging of
various biological dynamics and biomechanical phenomena has
seen a surge of interest. Imaging of processes such as exocytosis
and kinesin motion are most eﬀective when depth is limited to
a very thin region of interest at the edge of the cell or specimen.
However, many objects and processes of interest are of size
scales far below the diﬀraction limit for visible light. Many
creative methods to circumvent this limitation have been
developed, such as structured illumination microscopy
(SIM), 6,7 stochastic optical reconstruction microscopy
(STORM),8 the hyperlens,9,10 stimulated emission depletion
(STED),11 photoactivated localization microscopy (PALM),12
and the far-ﬁeld superlens (FSL).13
All of these methods have trade-oﬀs between several factors
such as resolution, speed, ﬁeld of view, biocompatibility,
sensitivity, and experimental complexity. Localization-based
techniques such as STORM and PALM are typically slow,
albeit with very high resolution. Other techniques such as
STED and saturated SIM (SSIM)14 require strong intensities,
which can harm sensitive biological samples. Standard SIM has
seen widespread adoption15 due to its combination of superresolution, practicality, and reasonable imaging speed.16,17
However, since the illumination structure in SIM is itself
diﬀraction-limited, the resolution can be improved only about
© 2017 American Chemical Society

PRINCIPLES OF LPSIM
Taking the push for subwavelength imaging signiﬁcantly further
is a technique, localized plasmonic SIM (LPSIM), demonstrated here in experiment. This technique diﬀers from
traditional SIM in a way that allows for a dramatic
improvement in performance. The physical behavior relied on
for forming our structured illumination patterns is the tight
conﬁnement of localized plasmonics ﬁelds, rather than
propagating wave interference in the case of PSIM. Diﬀerent
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optical setup can thus be captured. With knowledge of the
illumination structure and the point spread function (PSF) of
the imaging system, this high-k information can be shifted back
to its origin in Fourier space,26 enabling super-resolution image
reconstruction. This concept is used in all SIM-based
techniques, but the degree of resolution improvement is
directly tied to the spatial frequencies that the illumination can
provide. LPSIM is diﬀerentiated in this respect by the very ﬁne
structure enabled and dictated by a nanoantenna array through
kLP, which breaks the diﬀraction limit for propagating waves
and allows for the collection of extremely high spatial frequency
information. This principle can be applied at diﬀerent size and
wavelength scales, depending on the application. A combination of SIM, PSIM, and LPSIM could be used to ﬁll in a very
large eﬀective OTF and provide a 5× or more improvement in
resolution over standard optics. However, the kLP chosen in this
proof-of-concept experiment was designed to yield a 3×
resolution improvement over a diﬀraction-limited image, solely
by LPSIM (see Figure 1b).

from the energy-wavelength relation dictated by either
photonic or SPP dispersion, we design a substrate that gives
us controlled, tunable, ultraﬁne illumination patterns, untethered to any dispersion relation. This is accomplished using the
localized plasmons (LPs) generated by a carefully designed
nanoantenna array.23 Localized plasmons are bound to the local
geometry of a metal−dielectric interface24 and thus do not have
a wavelength, strictly speaking. The spatial frequency of an
array of LPs is therefore determined primarily by the local
geometry itself, which can be designed arbitrarily and can be
much larger than that of light or SPPs, as shown in Figure 1a.

PLASMONIC NANOANTENNA DESIGN
To generate changeable structured excitation patterns with LP
ﬁelds, a 2D hexagonal array of silver nanodiscs was illuminated
with a laser near the disc dipole resonance. The resulting
plasmonic ﬁeld patterns can be shifted in a controllable manner
within the object plane by changing the incident angle and
polarization of the laser. These ﬁelds excite ﬂuorescent
emission in a ﬂuorescent-tagged object (Figure 2, inset).
Figure 2 shows the schematics of the experimental LPSIM
setup. The incident angle is controlled by a 2D scanning mirror
system in combination with a high numerical aperture (NA) 4f
system. The achievable incident angle range in the setup was
±56° in any incident plane. A cylindrical lens was used to
account for the spatial oﬀset of the ﬁrst scanning mirror relative
to the 4f system. Fluorescent emission was collected by a 1.2
NA 60× water immersion objective, ﬁltered, and passed
through a tube lens for additional magniﬁcation. The images
were recorded with an electron-multiplying charge-coupled
device (EMCCD). Several lasers at various visible frequencies
were aligned in parallel at the beginning of the optical path, to
allow for easy switching based on the ﬂuorescent dyes present
in diﬀerent objects.
Since the LP ﬁelds are determined by local geometry, care
was taken in the design and fabrication of our nanoantenna
array. The design shown in this work, illustrated in Figure 3a, is
just one of many potential LPSIM geometries that can be used
to achieve super-resolution of varying degrees. In addition to
the geometric parameters, the material properties at the
operating frequency are also important. The overall design
depends on several criteria that must be met for an eﬀective
LPSIM substrate. First, the operating wavelength was chosen to
be in the visible range for our imaging application. From there,
silver was chosen for its strong plasmonic response at short
visible wavelengths.
The geometrical parameters of the structures were chosen
such that patterns appropriate for LPSIM could be reliably
generated. Three axes of symmetry provided by the hexagonal
array scheme give the ability to nearly cover the full k-space
region inside the dashed circle in Figure 1b. This is an
improvement over the square design used in PSIM, which gives
just two symmetry axes. The pitch of the array is chosen such
that the primary spatial frequency kLP of the excitation pattern
will be twice the radius of the diﬀraction-limited OTF. This is

Figure 1. (a) Illustrative plot of temporal frequency versus
wavenumber for the illuminating laser, the PSIM method (light
gray curve), and the LP ﬁeld (gold star) in an example LPSIM
experiment. Here, kLP is the spatial frequency generated by the
nanoantenna array, which can be tuned as desired, within
fabrication capabilities. (b) Spatial frequency scheme: The
collected wavevectors in a traditional image are limited by the
emission wavenumber kem (blue circle). With structured illumination via LP ﬁelds, this imaging resolution is enhanced dramatically
in a controllable manner (gold dashed circle, in this speciﬁc
example).

The spatial frequency k of a pattern generated with LPs can
thus be dramatically higher than the wavenumber of the
ﬂuorescent light which is collected to form the image. Access to
higher spatial frequencies in our illumination gives us the ability
to achieve higher imaging resolution than previous SIM-based
methods. Typical images formed in the far ﬁeld will have
diﬀraction-limited resolution, as represented by the blue circle
in Figure 1b. Under structured illumination, the moiré eﬀect25
transfers information from higher spatial frequencies into the
observable regime of the diﬀraction-limited optical transfer
function (OTF). Fine details from an illuminated object that
would normally be impossible to capture with any far-ﬁeld
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Figure 2. Schematics of the experimental imaging setup. An excitation laser is directed via 2D scanning mirrors through a high-NA 4f system
that dictates the angle and plane of laser incidence to the nanoantenna array. In-plane polarization regardless of angle is guaranteed by a
custom-made polarizer plate, which ensures the correct excitation patterns are formed. Emitted ﬂuorescence is collected by the objective,
ﬁltered, and passed to the EMCCD. Inset: At the sample plane, ﬂuorescent-tagged objects are selectively excited by LP ﬁelds with ﬁne-grained
spatial dependence dictated by the nanoantenna geometry and the incident laser angle.

Figure 3. (a) 3D schematic of an LPSIM substrate composed of a silver nanodisc array embedded in glass. A = 20 nm is the protective layer
thickness. B = 60 nm is the disc height. C = 150 nm is the pitch. D = 60 nm is the disc diameter. (b) Backlit photograph of full patterned area,
showing uniform blue/violet LP response of silver discs. (c) SEM image of nanodisc array mold from above, showing the hexagonal lattice
geometry. Scale bar: 2 μm. Left inset: The same mold at a higher magniﬁcation. Scale bar: 100 nm. Right inset: Cross-sectional SEM image of
an intermediate substrate just prior to silver deposition, showing cavities with 60 nm depth ready to be ﬁlled by silver. The scale bar
represents 300 nm.

of the super-resolution image, even when the plasmonic
excitation patterns were not precisely known.
We devised a fabrication process using nanoimprinting to
allow for repeated, reliable production of many LPSIM
substrates without excessive time or cost, as shown in Figure
S3 (see Supporting Information for details). A protective layer
of SiO2 was sputtered on top of the silver antenna array. This
layer serves multiple purposes, and the chosen thickness of 20
nm is carefully optimized. It protects the silver from oxidation
and handling damage, it prevents ﬂuorescence quenching, and
it protects biological samples from direct contact with silver,
with only minimal separation of the object from the evanescent
LP ﬁeld excitation. The protective layer also makes reuse of the
substrate possible, provided that the ﬂuorescent sample can be
gently removed.

the key to the desired super-resolution performance. The
height and diameter of the nanodiscs were tuned to optimize
the variability and coverage of the full object plane from pattern
to pattern, to satisfy the requirements of our reconstruction
scheme. This design was veriﬁed by full wave simulations and
analytical imaging calculations prior to fabrication.
To get the super-resolution image information, a total of nine
diﬀraction-limited subimages were collected for each LPSIM
image frame. Taking advantage of the 3-fold symmetry of our
array, the angle was varied three times in each of three planes of
incidence, always with in-plane polarization. The ﬂuorescent
samples were placed directly on the plasmonic substrate, so that
the evanescently bound LP ﬁelds would have a strong eﬀect.
Once the subimages were collected, a straightforward
reconstruction algorithm27 allowed for an accurate recovery
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Figure 4. Demonstration of super-resolution performance. (a, b) Diﬀraction-limited images of a single and a pair of 50 nm ﬂuorescent beads,
respectively. Scale bars: 120 nm. (c, d) LPSIM image of (a) and (b) with signiﬁcantly improved resolution, respectively. (e, f) Normalized
intensity proﬁles of the images in (a), (c) and (b), (d), respectively, along the dashed white lines. (g, h) Spatial frequency spectra (log-scale
amplitude) of a standard and an LPSIM image, respectively. The LPSIM technique increases the spatial bandwidth of the imaging process by a
factor of approximately 3. (i, j) Diﬀraction-limited and LPSIM images of many beads within a wider area. Scale bar: 0.5 μm.

in this fabrication process were done with an Oxford Plasmalab
80. After lift-oﬀ of the resist layer, the master mold was coated
with a nonstick vapor treatment. The stamp polymer, shaped by
the master mold, was adhered to a glass wafer in an ultraviolet
oven to create the soft nanoimprint stamp. The LPSIM
substrate began with a fused silica wafer, coated with a 300 nm
PMMA resist underlayer, and then a 70 nm top layer of UV
resist (I-UVP, EZ Imprinting). This bilayer resist was stamped
using an EVG620 mask alignment system. The nanoimprinted
pattern was etched into the fused silica LPSIM substrate. Metal
deposition was done with a Temescal BJD 1800 electron beam
evaporator and included a 2 nm titanium adhesion layer. After
lift-oﬀ of the resist and unwanted metal, a 20 nm spacer layer of
SiO2 was deposited with a Denton Discovery 18 sputtering
system.

Shown in Figure 3c are SEM images of the real LPSIM
geometry from above, and from a cross-section view, at
diﬀerent stages of the fabrication process. Good uniformity is
observed over a wide area, which is essential to ﬁnal image
quality. This uniformity is also shown at a larger scale by the
camera image in Figure 3b.

LPSIM SUBSTRATE FABRICATION
The fabrication of our LPSIM substrates was centered on a
nanoimprinting process to ensure cost-eﬀective, timely
repeatability. All fabrication steps took place in the Nano3
cleanroom facility at University of California, San Diego. The
master mold was formed on a silicon wafer. A 60 nm layer was
oxidized and then spin coated with poly(methyl methacrylate)
(PMMA). Electron beam lithography (EBL) patterning of the
hexagonal array geometry was done with a Vistec EBPG5200.
The pattern was etched into the oxidized layer. All etching steps
5347

DOI: 10.1021/acsnano.7b01158
ACS Nano 2017, 11, 5344−5350

Article

ACS Nano

Figure 5. LPSIM ﬂuorescence imaging results for a ﬁxed neuron cell, showing Fzd3 receptors labeled with tdTomato. A 150 mW, 488 nm laser
was used for illumination. The central ﬂuorescence wavelength was 570 nm. (a, b) Wide-ﬁeld diﬀraction-limited and LPSIM images, showing
consistent, dramatic resolution enhancement over the full area. Scale bar: 500 nm. (c, d) Closer look at the area inside box 1 from (a) and (b),
showing clear resolution improvement, consistent with theoretical expectations. Scale bar: 100 nm. (e, f) Closer look at the area inside box 2.
Scale bar: 100 nm.

RESULTS AND DISCUSSION
Characterization of the resolving power was done by looking at
both single-bead full-width at half-maximum (fwhm) as well as
two-bead separation. Figure 4a,c,e show the imaging results of a
single bead, with an LPSIM fwhm of just 74 nm, which is
approximately one-third the diﬀraction-limited fwhm, as
expected. Figure 4b,d,f show two closely spaced beads, which
are unresolvable under normal imaging conditions, but can be
clearly resolved via LPSIM. The center-to-center spacing of the
beads was 78 nm, which means the edge-to-edge gap between
them was approximately 28 nm. Figure 4g,h show the Fourier
space results for the real-space distribution of beads shown in
Figure 4i,j, both with and without the LPSIM technique
applied. We ﬁnd that the eﬀective OTF radius is tripled by the
LPSIM technique, in agreement with the expected 3×
improvement. Over a wide area, a clean, super-resolved image
is obtained, with minimal distortion.
One motivation for super-resolution imaging is to be found
in cellular biology. Genomic and neuronal activities in particular
are hot areas of research. As an initial demonstration of
biocompatibility and general imaging capability, we used our
LPSIM technique to image neuron cells expressing Fzd3tdTomato. This particular type of sample is of interest28 in
understanding how growth cones steer themselves within their
environment. Relevant features of Fzd3-containing vesicles can
be as small as 50 to 100 nm in diameter. LPSIM is well-suited
for use with this type of sample. For the tdTomato emission,
the minimum resolvable feature size under the diﬀraction limit
was 240 nm, but using LPSIM we observe resolution down to
∼80 nm. As shown in Figure 5, important subcellular features
can be imaged at much greater resolution (∼3×) compared
with the diﬀraction-limited case. Due to the evanescent nature
of localized plasmons, LPSIM is best applied to imaging objects
that are either very thin or on the surface of a thicker object. In
this sample, focal adhesions are directly on the surface of the

neuron cell, making them very convenient to image. In fact, this
z-conﬁnement of the excitation pattern can be advantageous if
the goal is to only image a very thin slice of an object near the
surface. Because the ﬂuorescence wavelength in this experiment
was longer, the resolution achieved was slightly less. However,
silver is still a good plasmonic material at 488 nm laser
wavelength, and the k-space collection scheme is still valid. The
blind reconstruction algorithm, with the proper physical and
statistical constraints, does a good job of de-emphasizing
background noise and accounting for discrepancies between the
theoretically expected excitation patterns and the actual
experimental reality.

CONCLUSIONS
In many practical cases, the LPSIM technique oﬀers an optimal
balance between the many factors inﬂuencing the usefulness of
an image to biologists. LPSIM does not require point scanning
to generate the image. The nanoantenna ﬁelds are scanned in
parallel, so the ﬁeld of view is limited only by optics and the
area of the fabricated substrate itself and can be increased
without sacriﬁcing imaging speed. The resonant LP ﬁelds decay
exponentially away from the substrate. Therefore, the vast
majority of the ﬂuorescent signal comes from the surface of the
object, as is essential for ﬂuorescent imaging. Additional
postprocessing can be used29 to remove any remaining outof-plane noise. The resonant plasmonic enhancement of the LP
ﬁelds in our optimized structure provides several advantages.
For one, the local enhancement allows for strong excitation of
the targeted ﬂuorescent labels without using an unnecessarily
high-powered laser or irradiating the entire sample with strong
intensity. In our experiments, the intensity incident to the
LPSIM substrate was just 5 W/cm2. The resonant excitation
also holds potential for shorter exposure times and faster
imaging speed, since the strongly excited signal will be boosted
relative to the noise sources present in a given experiment.
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The super-resolution performance achieved in this work was
consistent and robust for various samples tested. The resolution
of LPSIM could be incrementally improved to sub-50 nm scales
by using shorter laser wavelengths or a higher-NA objective, in
combination with an appropriately designed LPSIM substrate.
Due to the dependence of LP resonances on particle size,30 and
the various emission spectra of available ﬂuorescent dyes, this
technique is readily scalable to diﬀerent operating wavelengths.
To push resolution even further, more complex substrate
designs possibly incorporating both LP and SPP structure into
the excitation patterns may hold promise. The technique shown
here should prove useful for a multitude of ﬂuorescence
imaging applications, especially for biological surface dynamics.
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