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ABSTRACT: We experimentally demonstrate a wide ﬁeld
surface plasmon (SP) assisted super-resolution imaging
technique, plasmonic structured illumination microscopy
(PSIM), by combining tunable SP interference (SPI) with
structured illumination microscopy (SIM). By replacing the
laser interference fringes in conventional SIM with SPI
patterns, PSIM exhibits greatly enhanced resolving power
thanks to the unique properties of SP waves. This PSIM
technique is a wide ﬁeld, surface super-resolution imaging technique with potential applications in the ﬁeld of high-speed
biomedical imaging.
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microscope objective (Figure 1a, gray circle). Based on the farﬁeld images acquired under multiple laterally translated
sinusoidal illuminations, a subdiﬀraction limited image can be
reconstructed. The resolution improvement of SIM relies on
the spatial frequency of the illumination patterns, which is also
limited by the numerical aperture of the objective. Thus, SIM
normally achieves about 2-fold resolution improvement
compared with conventional ﬂuorescence microscopy, as is
shown by the ratio of the radius of the SIM detectable region
(large dashed circle) and the conventional microscopy
detectable region (small gray circle) in Fourier space (Figure
1a). Further resolution improvement is possible by exploiting
the nonlinear response of ﬂuorescent dye using high power
illumination in SSIM, but it results in increased phototoxicity
and lower frame rate compared to SIM.23
To achieve higher resolution improvement without utilizing
the nonlinear response of ﬂuorophores, an illumination pattern
with a period smaller than the diﬀraction limit is needed. The
smaller the illumination period is, the higher the accessible
spatial frequency information is, and thus a higher resolution
image can be achieved. The surface plasmon (SP) is a good
candidate to form subdiﬀraction limited interference patterns
due to its large wave vector compared to light at the same
frequency, as indicated by Figure 1c. Because of this unique
property, SP is widely used in nanophotonic subwavelength
scale applications.4−9,28−39 By replacing laser interference
patterns with SP interference (SPI) patterns with features
smaller than λ/(2NA), plasmonic structured illumination

he optical microscope is an irreplaceable tool for
biological research because light can probe biospecimens
noninvasively. Despite its wide application in biology, the
resolution of optical microscopy is fundamentally limited by
diﬀraction, which means that objects with separations smaller
than the diﬀraction limit cannot be resolved. In the visible
spectrum, this minimum separation is on the order of several
hundred nanometers, given by the Abbe limit λ/(2NA), in
which λ is the wavelength of the light and NA is the numerical
aperture of the objective. Recently, biological research
increasingly requires super-resolution microscopy methods for
studying the structure and the dynamics of subcellular
components. To achieve subdiﬀraction limited resolution,
many novel imaging techniques have been proposed and
experimentally demonstrated, such as near-ﬁeld scanning
optical microscopy (NSOM),1−3 the far-ﬁeld superlens
(FSL),4−6 hyperlens,7−9 metalens,10−13 stimulated emission
depletion microscopy (STED),14−16 single-molecule localization microscopy,17−19 structured illumination microscopy
(SIM),20,21 and saturated structured illumination microscopy
(SSIM),22,23 super-resolution microscopy with high refractive
index dielectric,24−26 and so forth. Despite the tremendous
successes of the aforementioned methods, each of these
approaches has their own practical limitations.
Among the techniques mentioned above, SIM is uniquely
suitable for high-speed biological imaging applications due to its
wide ﬁeld super-resolution imaging ability. Video-rate SIM has
been used to reveal the tubulin and kinesin dynamics in living
Drosophila melanogaster S2 cells.27 SIM utilizes illumination
with sinusoidally varying intensity to couple the high spatial
frequency information of the object (Figure 1a, blue circles) to
low spatial frequency information within the pass band of a
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Figure 1. Illustration of the SIM and PSIM principles. (a−b) Resolution improvement representation in Fourier space. (a) SIM and (b) PSIM. The
gray circles correspond to the spatial information within the pass band of conventional microscopy with kcutoff representing its cutoﬀ wave vector.
The blue circles represent the sideband high spatial frequency information components accessible by SIM and PSIM, respectively, with kshift
representing the shift introduced by the illumination. The dashed circles represent the Fourier space region detectable by SIM and PSIM,
respectively. (c) Schematic of the dispersion curves of the propagating photon in dielectric media (red line with kp representing its wave vector) and
the SP at the metal/dielectric interfaces (blue line with ksp representing its wave vector).

Figure 2. Schematics of the PSIM system. The illumination angle tuning in x−z and y−z planes are controlled by the rotation of the s2 and s1 mirror
of the Galvo scanner, respectively, with the s2 mirror placed at the focal plane of lens 1 and the sample placed at the focal plane of lens 2. The
polarization directions of the horizontal and vertical polarizer pairs (the gray rectangle regions) on the polarizer plate are indicated by the red arrows.
Inset: a magniﬁed view of the sample region.

microscopy (PSIM) possesses superior resolving power
compared to conventional SIM, as shown in Figure 1b. In
this paper, we present an experimental demonstration of this
super-resolution PSIM technique.
The PSIM imaging system was built based on a Zeiss
Axioskop microscope. The illumination module of the system
consists of a laser light source, a two-dimensional (2D) Galvo
scanner, and lens 1 and lens 2, as shown in the bottom part of
Figure 2. When a plasmonic structure patterned with a 2D slit
array is illuminated by the laser beam (Figure 2, inset), a SPI
pattern is formed by the interference of the counter
propagating SP waves generated at the adjacent slits. The
lateral shift of the SPI pattern is realized by changing the
illumination angle through the 2D Galvo scanner combined
with lenses 1 and 2. The Galvo scanner is chosen due to its
high-speed kHz rate angle tuning capability. The orientation of
the SPI pattern is controlled by both the orientation of the slits
as well as the polarization direction of the incident light. To
excite a SP wave with the desired propagation direction and

form a 1D SPI, a p-polarized light (with its polarization
direction in the illumination plane) is needed. Finally, the
ﬂuorescence light excited by SPI illumination is collected by an
objective and forms a diﬀraction-limited image through a tube
lens onto an electron multiplying charge-coupled device
(EMCCD), shown in the top part of Figure 2 (see Methods
for the PSIM system details).
To demonstrate the PSIM concept, a slit array patterned
plasmonic structure (Figure 3a−d) was designed and fabricated
(see Methods for the fabrication details). Silver (Ag) was
chosen because the SP at an Ag/dielectric interface can be
generated for the entire visible spectrum with relatively low
loss. To block direct transmission, a relatively thick Ag ﬁlm
(250 nm) was used in our design. The period and width of the
slit array fabricated on the Ag ﬁlm are 7.6 μm and 100 nm,
respectively (Figure 3c, d). When light hits on the sample, SP
waves are generated from the slits, and interference patterns are
formed in between. The period of the slit array is on the order
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Figure 3. Sample fabrication and characterization. (a) Optical image of a large PSIM substrate. The total PSIM substrate area is 2 mm × 2 mm. (b−
d) Scanning electron microscope (SEM) images of a PSIM substrate, showing an array of the patterned slits (b) one unit cell (c) and a further
magniﬁed view of the slits (d). (e) Schematic illustration of the SPI tuning scheme. As the incident angle θ changes, the SPI pattern shifts laterally
(direction indicated by the horizontal black arrow). (f, g) Fluorescence intensity vs the relative incident angle in x−z (f) and y−z (g) plane,
respectively. The measured data and the sinusoidal ﬁt are represented by red dots and the solid blue lines, respectively.

of the SP propagation length, in order to achieve a relatively
uniform SPI along its propagation direction.
To characterize the lateral translation of the SPI, ﬂuorescent
beads with a diameter of 100 nm were chosen as the SP ﬁeld
probes and placed on top of the patterned Ag ﬁlm, as shown in
Figure 3e (see Methods for the sample preparation and
measurement details). The red dots in Figure 3f and g
represent the ﬂuorescence intensity variation of a single
ﬂuorescence bead with respect to the relative illumination
angle in x−z and y−z plane (see the Supporting Information
for illumination angle characterization), with the SPI pattern
orientation along x and y directions, respectively. The
ﬂuorescence intensity curves are ﬁtted to a sinusoidal function
indicated by the solid blue lines, which conﬁrms that the SPI is
indeed generated and laterally translated as expected.
The super-resolved image was reconstructed from a total of
six diﬀraction-limited subimages under 1D SPI illumination that
was laterally translated along both x and y directions (see
Methods for the measurement details). An iterative code,
adapted from a blind structured illumination microscopy
(Blind-SIM) reconstruction algorithm,40 is used for image
reconstruction (see the Supporting Information for algorithm
details). Compared with the conventional ﬂuorescence image
(Figure 4a), the super-resolution image of three 100 nm
diameter beads (Figure 4b) shows dramatic resolution
improvement, conﬁrmed by the SEM image in Figure 4c.
The comparison of their corresponding Fourier transforms
(shown in Figure 4d and e respectively) further proves that
high spatial frequency information beyond the pass band of
conventional ﬂuorescence microscopy is indeed extracted from
the six diﬀraction-limited images. The full-width at halfmaximum (FWHM) (Figure 4f) of a single 100 nm diameter
ﬂuorescent bead decreases from 327 to 123 nm (averaged
based on the red and green curves shown in Figure 4f), yielding
a ∼2.6-fold resolution improvement. This agrees with the
theoretical enhancement factor, estimated based on the SP
wave vector (ksp = 1.44k0, in which k0 is the free space wave
vector of the illumination laser) and the numerical aperture of
the detection objective (NA = 1.0).
Figure 5 a−c shows the comparison of the conventional
ﬂuorescence image, its deconvolution, and the reconstructed
super-resolution image over a large area. Because of the
iterative recovery algorithm, the deconvolved image shows
good resolution improvement for the isolated beads,40 but the
closely located beads still remain unresolved (Figure 5b, e, i).

Figure 4. Demonstration of PSIM resolution improvement with a
single bead. Fluorescence beads with 100 nm diameters were used as
the object. (a) Conventional ﬂuorescence image. (b) Reconstructed
PSIM image. (c) The corresponding SEM image, with beads
highlighted in pseudo color (red). (d−e) Fourier transform of (a−
b), respectively. The color scale for a−b and d−e are the same, with
range from 0 to 1. The yellow dashed circles in (d) and (e) indicate
the optical transfer function (OTF) of the conventional microscope
system and that of the PSIM system. (f) Fluorescence intensity crosssection comparison of the single bead indicated by the green arrows in
a−b. The red, green, and blue lines correspond to the ﬂuorescence
intensity cross-section of the reconstructed PSIM image along two
perpendicular directions and that of the conventional ﬂuorescence
image, respectively.

Two sets of beads, with center-to-center distance below the
Abbe limit of conventional ﬂuorescence microscopy ∼290 nm
and the Abbe limit of the conventional SIM microscopy ∼140
nm, are resolved in the PSIM super-resolution image in Figure
5f and j, with bead center-to-center distance characterized by
the SEM images in Figure 5g and k, respectively. The
corresponding PSIM image intensity curves (the red curves
in Figure 5l−m) clearly show two peaks, while the conventional
ﬂuorescence image and deconvolution image intensity curves
(the blue and green curves in Figure 5l−m) only show one
peak.
Compared with conventional ﬂuorescence microscopy, PSIM
achieves a ∼2.6-fold resolution improvement due to the small
period of the SPI illumination. The resolution of PSIM is given
by λem/(2NA + 2NAeff), in which NAeff is deﬁned as ksp/kem
with ksp and kem representing the wave vector of the SP and
4636
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Figure 5. Demonstration of PSIM resolution improvement with closely located beads. (a) Conventional ﬂuorescence image. (b) The corresponding
deconvolution. (c) The reconstructed PSIM image. (d−f) Magniﬁed images of the region within the white dashed boxes in a−c, respectively. (h−j)
Magniﬁed images within the white solid line boxes in (a−c), respectively. Fluorescence beads with 100 nm diameters were used as the object. The
color scale for (a−f) and (h−j) are the same, with range from 0 to 1. (g, k) The corresponding SEM images with beads highlighted in pseudo color
(red). (l−m) The corresponding ﬂuorescence intensity cross-section comparison. The blue, green, and red lines correspond to the ﬂuorescence
cross-section of the conventional ﬂuorescence images, the corresponding deconvolved images, and the PSIM reconstructed images, respectively.

ﬁlm, serving as a protection layer to separate the biospecimens
and the metal, as well as a spacer layer to reduce the quenching
of the ﬂuorescent dyes.43,44
In conclusion, we have presented a proof-of-concept
experimental demonstration of the wide-ﬁeld PSIM technique.
Utilizing slit-coupled SPI as the illumination, PSIM is capable
of achieving higher resolution than conventional SIM. Although
the reconstructed PSIM images show 2.6-fold resolution
improvement in the present experiment, the ultimate PSIM
resolution is only limited by the achievable wave vectors of the
SPs and could be drastically improved by plasmonic mode
engineering in more optimized structures. The new PSIM may
lead to important applications where a high-speed superresolution imaging tool is needed.
Methods. PSIM Substrate Fabrication. A fused silica
(SiO2) wafer was chosen as the substrate due to its
transparency in the visible spectrum. The designed slit array
pattern was produced on the fused silica substrate using
nanolithography. The patterned resist served as a dry etching
mask for transferring the pattern into the fused silica, followed
by the standard piranha solution cleaning process to remove
the resist residue. Finally, a 4 nm adhesion layer and a 250 nm
Ag ﬁlm were deposited on the patterned substrate using
electron beam deposition at 2e−7 Torr.
PSIM Sample Preparation. In our experiments, 100 nm
diameter ﬂuorescent beads (Life Technologies, F8800) were
used as the probes for SPI shift characterization and the object
for PSIM imaging capability demonstration. A sample of 1 μL
of the ﬂuorescent bead solution was drop-casted onto the slitarray patterned plasmonic structure and dried in air, with the
sparsity of the beads controllable by the solution concentration
(about 1.2 × 1010 beads/mL for experiments shown in Figures
3−5).
PSIM Measurements. The PSIM measurements were
performed on a custom-built PSIM platform shown in Figure
2. The linearly polarized light coming out of a 200 mW 532 nm
laser is converted to circularly polarized light by a 1/4
waveplate and then reﬂected to the 2D Galvo scanner
(Cambridge Technology 6210H) and the lens system. These

emission light, respectively. With proper design, such as
utilizing metal/dielectric multilayer geometries,6,41 a very high
ksp could be engineered, leading to exceptionally large NAeff.
Therefore, the high resolution of the PSIM is predominantly
determined by NAeff. Experimentally, the resolution of the
iteratively reconstructed super-resolution image also depends
on the number of detected photons from the chromophores
and moderately degrades as the number of photons decreases.40
Besides its super lateral resolution imaging capability, PSIM
also provides high signal-to-noise ratio (SNR) by restricting the
excitation of the ﬂuorescence to a thin region very close to the
metal/dielectric interface due to the evanescent nature of the
SPs. The thickness of this thin region is determined by the z
intensity decay length of the SPI ﬁeld, which varies from several
tens of nanometers to several hundreds of nanometers,
depending on the wavelength used and the designed SP wave
vector. For objects of interest that only exist very close to the
interface, such as cell membranes, PSIM is a good tool to
provide subdiﬀraction limited lateral resolution and eliminate
the unwanted ﬂuorescence signal from the dyes that are far
away from the surface.
Compared with SP assisted scanning microscopy,35 in which
propagating SPs are focused to a subdiﬀraction limit region and
scanned across the sample, the demonstrated PSIM is a wide
ﬁeld imaging technique. To reconstruct a super-resolution
image, the excited 1D SPI only needs to be laterally translated
three times for each direction. Moreover, the slit array
conﬁguration for SP excitation removes the imaging area
constraint enforced by the SP decay length and extends the
usable area to the whole patterned region. Since the SPI lateral
translation is accomplished by tuning the incident angle, it is
relatively easy to achieve high speed, e.g., with the Galvo
scanning mirrors.42 Due to its wide ﬁeld imaging ability and the
high-speed illumination angle tuning capability, the demonstrated PSIM technique has the potential to achieve video rate
and be applied for super-resolution biospecimen dynamics
studies, including single molecule level27 based on the existing
light sources and detection technologies. Moreover, a thin
dielectric layer (10−20 nm) could be added on top of the metal
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elements control the illumination angle variation in x−z and y−
z planes. After passing the polarizer plate placed between the
scanner and the lens system, only illumination light with proper
polarization is allowed to illuminate the PSIM substrate for
exciting the desired 1D SPI pattern. As the incident angle θ
varies in x−z and y−z plane, the phase diﬀerence (ϕ) between
the SP waves excited at the two adjacent edges changes
accordingly based on ϕ = 2π·d·sin(θ)/λ, in which d is the
period of the slit array and λ is the wavelength of the laser, and
results the lateral translation of the SPI pattern. The PSIM
ﬂuorescent images formed by SPI illumination were then
collected by a 63× water dipping objective (Zeiss W PlanApochromat 63x/1.0 Ph3) and recorded by an EMCCD
(Andor 897) with 0.15 s exposure, with a 593 ± 20 nm bandpass ﬁlter placed in the detection light path. To compensate the
angle-dependent illumination intensity variation, the detected
ﬂuorescent images were normalized by the corresponding
intensity of the scattered laser light at the slits under the same
illumination angle. The illumination and image acquisition
modules were synchronized by a Labview-controlled data
acquisition card (DAQ).
For demonstrating the lateral translation of the SPI pattern,
14 diﬀraction-limited images were recorded, with the relative
illumination angle varying from 0° to about 4.3° with equal
steps in either the x−z or y−z plane. To reconstruct a superresolution image, only three diﬀraction-limited images,
illuminated by three 1D SPI patterns with about 1/3 of the
interference period lateral shift between each other, are needed
for each direction. To generate this 1/3 period SPI lateral shift,
the phase diﬀerence between the SP waves excited at the
adjacent slits (ϕ) changes by 2π/3 each time. This process was
performed for both x- and y-oriented interference patterns to
achieve two-dimensional resolution improvement, yielding a
total of six image acquisitions. The conventional ﬂuorescence
images were collected using the same objective and EMCCD
under light emission diode (LED) illumination, but with a 523
± 10 nm and a 585 ± 10 nm ﬁlter as the illumination and
detection ﬁlter, respectively.
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