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Here we demonstrate a novel surface plasmon polariton (SPP) microscope which is capable of

imaging below the optical diffraction limit. A plasmonic lens, generated through phase-structured

illumination, focuses SPPs down to their diffraction limit and scans the focus with steps as small as

10 nm. This plasmonic lens is implemented on a metallic nanostructure consisting of alternating hole

array gratings and bare metal arenas. We use subwavelength scattering holes placed within the bare metal

arenas to determine the resolution of our microscope. The resolution depends on the size of the scanning

SPP focus. This novel technique has the potential for biomedical imaging microscopy, surface biology,

and functionalization chemistry.
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In conventional microscopy, features smaller than about
half a wavelength cannot be resolved due to the diffraction
limit of far-field optics. As the basic constituents of cells
and nanotechnological devices are smaller than the wave-
length of visible light, a variety of methods [1,2], including
scanning near-field nanoprobes [3–5], have been devel-
oped for imaging below the diffraction limit. Current
far-field methods exploit either the high refractive index
of immersion media [6] or the photophysics of molecules
[7–10] to obtain high resolution images. Plasmonic struc-
tures are envisioned to enable surface-bound imaging
with a resolution much below the optical wavelength,
and indeed stationary hot spots [11–13] of subwavelength
size can be generated from plasmons propagating in such
structures. Subwavelength imaging with surface plasmons
requires a freely scanned plasmonic focus, which has not
been demonstrated up to now.

The novel concept of plasmonic microscopy [14] via the
excitation of evanescent waves on metallic nanostructures
[15–17] offers not only evanescent out-of-plane resolution
(as total internal reflection microscopy [18]) but also a
large potential for in-plane superresolution: For a fixed
light frequency the wavelength of surface plasmon polar-
itons (SPPs) is shorter than that of freely propagating
photons [19–21]. The main barrier for plasmonic micros-
copy is the impossibility to use plasmon optics for detec-
tion: The readout is always optical. Wide-field plasmonic
excitation (unfocused SPPs) yields an image that is limited
in resolution by the detection optics.

Enhancing the resolution beyond the limit imposed by
the detection optics, or superresolution, is achievable
provided that plasmon optics are used to provide tightly
confined excitation (e.g., a SPP diffraction limited focus)
in a scannable way. Recent theoretical [22–24] and experi-
mental [25,26] developments have shown that plasmonic
phase structuring might have the potential for 2D surface

microscopy. Nevertheless, due to intrinsic problems of
these techniques (the degree of complexity, resolution,
field of view, or speed), superresolution plasmonic micros-
copy has yet to be implemented.
We show here the first plasmonic microscope perform-

ing at the SPP diffraction limit by imaging scatterers on top
of a metallic film acting as our alternative microscope
slide. Specifically, we show that by using phase-structured
illumination from a spatial light modulator (SLM) we can
create a focus of SPPs below the diffraction limit of
the optics and raster scan it to perform microscopy. The
combined system of the nanostructure with the phase-
structured illumination can be thought of as a deformable
plasmonic lens. The size of the SPP focus, which deter-
mines the resolution, is the diffraction limit of this plas-
monic lens. Because of a shorter plasmonic wavelength
and improved numerical aperture, this plasmonic diffrac-
tion limit is smaller than the optical diffraction limit.
Because of the simplicity of our metallic microscope slide,
we can theoretically calculate the required phase profile for
focusing. This deterministic approach allows for easy and
fast scanning of the focus and, thus, microscopy. Because
the method is based only on free-space wave propagation
(in 2D) and not on resonant phenomena, our microscope is
easy to understand, to implement, and to customize for
specific uses.
The requirements for a SPP microscope are to create and

position a plasmonic lens and to provide a scanning mecha-
nism for consistent and reproducible imaging of the sample
surface. The necessity of the scanning mechanism is under-
standable when the analogy between a standard 3D lens
and the plasmonic 2D lens is made. A 3D lens, which has a
focal plane, can achieve 3D imaging only if a scanning
mechanism is provided. Similarly, a 2D plasmonic lens
with a focal line can achieve 2D imaging only via
scanning. Our approach to fulfill the SPP microscope
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requirements is (i) to control the amplitude and phase
of SPPs locally on the surface of the sample, (ii) to create
and raster scan a plasmonic focus in 2D, and (iii) to
provide an imaging readout that is fully described by a
point-spread function.

To satisfy our first goal we image a SLM onto the surface
of the sample, thus mapping each unit cell (pixel) of the
SLM to a corresponding area on the sample [26–28]. The
image of each pixel (nearly 450 nm in diameter) locally
excites surface plasmon waves. These waves propagate
along the surface of the sample and are scattered into
photons when encountering scattering particles like nano-
particles or fluorescent molecules. Finally, the surface of
the sample is imaged onto the sensor of a CCD camera to
obtain the spatial distribution of these scatterers.

To achieve SPP focusing at a chosen location we
combined our ability to structure the incident illumination
(in this case, a He:Ne laser was used) with a specially
designed nanostructure. This configuration is schemati-
cally depicted in Fig. 1. Two parallel lines of bright pixels
(nonzero amplitude) are imaged on a specially designed
nanohole array to launch SPP waves. These lines, each
comprised of 13 superpixels, are our SPP sources. Each
line of sources acts as a phased antenna array that can be
modeled to work as a plasmonic lens by using the proper
phase of each source.

The area between the source lines, which wewill call the
arena, is free of the grating: It is bare metal with a few
scatterers to test the properties of the microscope. The SPP
waves inside the arena can be described by the well known
Hankel function (the 2D equivalent of a spherical wave).
This knowledge allows us to determine the phases for SPP
focusing at any target point inside the arena.
The metallic microscope slide we use is a 5 �m� 5 �m

square arena of homogeneous gold film on glass surrounded
by a nanohole array of square holes (hole period of 450 nm
and hole sides of 177 nm) in the gold film. In the arena a
sparse hole pattern is written as a resolution test and cali-
bration object, as shown in the inset in Fig. 1. Objects in the
arena are imaged by using focused SPPs on the gold-air
interface. The wavelength of the SPP waves excited by
He:Ne light is �S ¼ 590 nm.
To calculate the required phases for focusing at a chosen

target point, the distance of all sources from the target must
be known. We define a coordination system based on the
CCD’s pixels and associate pixel coordinates to the sources
and the targets. For focusing at the target point rt, the phase
of the nth source determined by the relative distance rt;n is
~�ðrn; rtÞ ¼ �2�rt;n=�S. Finally, to implement the scan-

ning of the focus (required for imaging) we repeat the
calculation for a 2D grid of target points.
By raster scanning the SPP focus we image the surface

of the sample. A single point of the final image is acquired
by focusing the SPP at one target point rt having coordi-
nates (xt, yt), taking a CCD picture, and reading out only
the CCD intensity of the pixel corresponding to those same
coordinates. Such a readout is optimal, because it corre-
sponds to a confocal excitation-detection scheme: The
microscope’s point-spread function (PSF) is the product
of the excitation PSF with the detection one. With hdðrÞ the
detection PSF and heðr� rnÞ the excitation PSF (focused
at rt), the CCD intensity for a delta source is

ItðrÞ ¼ ½heðr� rtÞ�ðrÞ� � hdðrÞ ¼ heð�rtÞhdðrÞ: (1)

The image of the source that we acquire with our readout
while scanning the focus on the grid of target points frtg
provides the microscope’s PSF:

8t hmðrtÞ � ItðrÞjr¼rt ¼ heð�rtÞhdðrtÞ (2a)

) hm ¼ he � hd; (2b)

thus confirming the confocal excitation-detection regime.
The power of two-dimensional imaging using the

new scanning plasmon microscope is illustrated in
Figs. 2(b)–2(d). For comparison, an image of the same
structure obtained with white light illumination is shown
in Fig. 2(a). In Fig. 2(b), a portion of the arena is imaged
by raster scanning the focus created from a single line of
sources above the arena (single lens). In Fig. 2(c), the same
portion is imaged with a focus from four lines of SPP
sources on all four sides of the arena (2Pi plasmonic
lens). At first glance, it is already clear that the plasmonic

FIG. 1 (color). Working principle of the SPP microscope. The
SLM is illuminated with an expanded laser beam (the translucent
red circle) and is imaged onto the surface of a nanostructured
metallic film. The nanostructure, imaged onto a CCD, is a hole
array grating with arenas (grating pitch 450 nm, hole side
177 nm, arena side 5 �m). The arenas consist of bare metal
with few scatterers as shown in the inset. Only two pixel lines of
the SLM have nonzero amplitude (amplitude profile). These
bright pixels, when imaged onto the grating lines adjacent to
the arena, locally generate SPPs that propagate into the middle
arena. The arena’s flatness allows us to predict the phase profile
for SPP focusing. Photons are detected only when the SPPs hit a
scatterer, thus locating the scatterer. A raster scan (2D) of the
focus provides a full SPP resolution image of scatterers.
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images of the structure are sharper and better resolved than
the white light one. The plasmonic images also show that
the imaging wave is not deformed by the imaged objects.
This is a nontrivial and vital characteristic for proper
functioning of the microscope. The 200 nm resolution of
Fig. 2(c) is due not only to the SPP wavelength [as for the
simple lens of Fig. 2(b)] but also to the optimal plasmonic
lens geometry. As shown in Fig. 2(d), an even sharper
image is achieved when the 2Pi lens image deconvolved
with the PSF (approximated as the image of a single
nanohole). This deconvolution image demonstrates that
a posteriori image processing is feasible. Nevertheless,
we define the resolution of our microscope only for unpro-
cessed images using the point-spread function.

The size of the plasmonic focus, which governs the
resolution, depends on the SPP wavelength and on the
angular aperture of the SPP lens. In our experiment
the SPP wavelength is fixed, because it is given by the
metal-dielectric interface and the laser frequency. The an-
gular aperture of the SPP lens, however, can be controlled
via the illumination geometry (the location of the plasmonic
source lines). We have measured and modeled the micro-
scope’s PSF for the following geometries: single plasmonic
lens from a single source line, double plasmonic lens from
two source lines on opposite sides of the arena, and 2Pi
plasmonic lens from four source lines surrounding the arena.

The evolution of the microscope’s point-spread function
with the plasmonic lens geometry, including both the
experiment and theoretical results, is shown in Fig. 3.
The size of all the images is 1� 1 �m2. In the theoretical

model, the PSF is the sum of all source contributions
(vectors) from focusing at one target point (the excitation)
multiplied with a 2D Gaussian (the detection). The FWHM
of the detection point-spread function for the He:Ne
wavelength was found to be 430 nm. The acquired image
of an isolated nanohole is used as the experimental PSF.
In the case of a single plasmonic lens placed above the
arena [Figs. 3(a)–3(c)], the PSF is elliptical with FWHMs
for the short and long axis of the ellipse given, respectively,
by �S=2 � 300 nm and the detection resolution of 430 nm
(Supplemental Material [29]). For the double plasmonic
lens (above and below the arena), the excitation shows
plasmonic features along both axis with FWHMs of
�S=2 � 300 nm and �S=4 � 150 nm as shown by
Figs. 3(d)–3(f). In Figs. 3(g)–3(i) are shown results for
the 2Pi lens geometry. The PSF from the 2Pi lens is almost
symmetric with a FWHM of �S=3 � 200 nm. For all lens
geometries there is excellent qualitative and quantitative
agreement between theoretical modeling and experiment.
The theoretical limit to the intensity distribution of the

plasmonic excitation is given by the square of the Bessel
function J0 resulting in an excitation FWHM of �S=2:8.
Such a theoretical limit corresponds to a complete time
reversal mirror [30,31] (Supplemental Material [29]).
There is a slight increase to the microscope’s PSF above

(a) (b)

(e)

(c) (d)

FIG. 2 (color). Imaging the nanostructured arena (3� 3 �m
fragment). (a) Arena imaged with white light. (b), (c) Imaging
the arena via scanning the focus of a (b) single plasmonic lens
and (c) 2Pi plasmonic lens. Because of the optimal angular
aperture, the 2Pi lens results in sharper focusing and thus
imaging resolution. (d) Deconvolution of the 2Pi lens image
with a point-spread function assumed as the image of a single
nanohole. (e) Linear cuts of an isolated nanohole (top right)
before and after deconvolution.

(a) (b) (c)

(d) (e)

(f)

(g) (h)

(i)

FIG. 3 (color). Evolution of the imaging point-spread function
with the lens geometry. Image sizes are1 �m2. Thefirst columnof
images shows the experimental PSFs and the second column the
prediction of our theoretical model. The third one compares linear
cuts of the two previous columns. (a)–(c)Using a single plasmonic
lens above the arena results in an elliptical PSF. (d)–(f) The PSF
from a double plasmonic lens (above and below the arena) is still
asymmetric but has much sharper features. (g)–(i) The most
symmetric PSF is obtained by using the 2Pi plasmonic lens
(from two double lenses). For all lenses, the experiments match
with the theoretical expectations.
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this theoretical limit of the excitation due to the confocal
arrangement. The 2Pi lens roughly matches this resolution.
The results suggest that we have reached the limit of the
lens geometry. The only parameter left for optimization is
the metal-dielectric interface which determines the plas-
monic wavelength and losses. Far from the plasmon reso-
nance, for any laser wavelength �, our model prediction for
the resolution of plasmonic microscope (2Pi lens) yields

� � �

3 � nSð�Þ ; (3)

with nS ¼ �=�S the effective refractive index of the
surface plasmons.

The final limitation to the microscope’s resolution is due
to plasmonic losses which can deteriorate the PSF. Optimal
PSFs are achieved for arena sizes smaller than the SPP
propagation length, a criteria well satisfied in our experi-
ment. Such criteria can be relaxed if we compensate losses
with tunable SLM amplitude. Numerical calculations show
that even with arenas several times the propagation length,
PSFs with widths equal to those shown in this experiment
are achievable providing the sources are tuned to create
isotropic illumination of the focus location. The right
choice of materials can also optimize the PSF and mini-
mize losses. For example, for the silicon nitrate and silver
interface at the laser wavelength of 488 nm, SPPs have a
refractive index of ns ¼ 2:6 yielding a resolution of 65 nm
and easily manageable losses without shrinking the arena.
For more complicated metal-insulator-metal interfaces,
even resolutions below 50 nm are predicted.

The resolution is governing the parameter of a micro-
scope, but aberrations, depth of focus, field of view, and
acquisition time can be important as well. In principle, for
our plasmonic microscope, none of these parameters
presents a limitation. The plasmonic lens is created by
using phase patterns which are also the basis of an adaptive
platform for abberation correction. The depth of focus is,
optimally, evanescent. The field of view determines the
acquisition time (because of scanning); thus, these two
parameters are in conflict with each other. This conflict
can be solved by creating in parallel multiple foci in as
many arenas. This multiplexing is possible because a
megapixel SLM can generate many 2Pi lenses (less than
100 pixels) periodically spaced on a sample with multiple
arenas. Thus, the field of view can be extended to multiple
arenas without increasing the acquisition time.

In conclusion, we have demonstrated a novel imaging
technique based on surface plasmon polaritons that pro-
vides resolution beyond optical diffraction without scan-
ning near-field probing, clarifying that SPPs are potentially
useful imaging waves for microscopy. The novelty of the
method is the use of deformable plasmon optics for 2D
imaging, which, in contrast to previous attempts on SPP
microscopy with far-field detection, provides resolution
dependent on the SPP wavelength. To create the plasmonic

lens we use phase-structured illumination from a SLM,
deterministic (without feedback) calculation of the phases
for focusing, and raster scanning. The geometry of the
plasmonic lens is optimized for maximal angular aperture
and thus provides the theoretical limit to the resolution.
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