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ABSTRACT: We present a far-field super-resolution imaging
scheme based on coherent scattering under a composite
photonic—plasmonic structured illumination. The super-resolved
image retrieval method, which involves the combination of 13
different diffraction-limited images of the specimen, is first developed
within a Fourier optics framework. A feasible implementation of this
optical microscopy technique working at 465 nm is proposed and its
point spread function is investigated using full electromagnetics
calculations. The 4-fold super-resolution power of the scheme, able
to resolve 60 nm feature sizes at the operating wavelength, is
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demonstrated against both Abbe’s (imaging a single object) and
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he enormous advances in optical microscopy during the

last decades have changed radically our understanding of

the diffraction limit of light."* A wide range of strategies have
been developed to overcome what was first thought as an
inviolable constraint for optical resolution. All these schemes
have made super-resolution® imaging possible, but this always
comes at a price in terms of other microscope attributes such as
speed, field of view, depth of focus, robustness, or versatility.
Therefore, this set of techniques can be considered as a
nanoscopic toolbox which offers a trade-off between resolution
and other image characteristics beyond the diffraction limit.**
The exploitation of the negative permittivity of metals has
proven to be a fruitful avenue to push optical resolution deep
into the nanoscale. The use of metals to achieve super-
resolution has led to the emergence of novel approaches, such
as the superlensé_8 or the hyperlens,g_11 as well as the further
development of previously established techniques, such as the
near-field scanning optical microscope.u’13 Only very recently,
much research attention has been focused on the synergic
combination'* of surface plasmon nanophotonics'® and far-field
high-resolution fluorescence microscopy techniques.'® These
schemes, which include methods like stimulated emission
depletion'” or stochastic optical reconstruction,'® have meant a
conceptual and practical breakthrough in super-resolution
imaging under incoherent illumination. During the last number
of years, plasmonic devices designed to engineer the radiative
properties of nanoemitters have been implemented in
techniques such as photoactivation localization,'® stimulated
emission depletion,* or structured illumination®" microscopies.
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This has allowed an unprecedented control over the spatial and
temporal characteristics of the incoherent light sources
exploited in all these far-field super-resolution methods.

Among the wide family of far-field fluorescent imaging
techniques, structured illumination microscopy”> >* (SIM)
stands out for its fast and highly parallelizable character,
which makes it specially suitable for in vivo biological
applications.”>*® However, the free-propagating nature of the
structured illumination fields restricts its resolution power to a
2-fold improvement with respect to diffraction-limited micros-
copy (DLM). Several approaches have been investigated lately
overcoming this constraint and realizing tunable standing-wave
light patterns with features below half the operating wavelength.
Apart from the aforementioned plasmonic platforms,*"*” other
proposals exploit high refractive index dielectrics,*®*’ spatial
light modulators,*®*' or nonlinear effects in the fluorescent
emission pattern. 33 Importantly, SIM presents another very
relevant feature. Although most SIM set-ups are based on
incoherent light sources, structure illumination ideas can also
be used to achieve subdiffraction resolution throuégh coherent
scattering from nonfluorescent specimens.>*™® This fact
provides the method with exceptional flexibility, as it can be
applied in nonfluorescent environments inaccessible for most
far-field microscopies.

In this work, we propose a coherent imaging scheme yielding
4-fold super-resolution on nonfluorescent objects illuminated
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by a photonic—plasmonic standing-wave pattern. This
composite structured illumination microscopy (CSIM) ap-
proach exploits the spatial frequency mixing that takes place in
the coherent scattering of the incident fields with the specimen.
Through the linear combination of a set of diffraction-limited
images taken for different configurations of the illumination, a
4-fold super-resolved image of the sample can be constructed.
The image retrieval method minimizing the number of
diffraction-limited images (and therefore optimizing the
super-resolution imaging speed) is developed within the
Fourier optics (FO) description.’” Finally, its validity is
demonstrated beyond the paraxial approximation through full
electromagnetic (EM) calculations modeling a feasible
implementation of the technique operating at 465 nm.

Our CSIM proposal is introduced in Figure 1. The square of
the point spread function (PSF) and the coherent transfer

Y DLM g o ol
1.0 -~
5 (@) Pl B
< 08 / ;
2 \
S os
: J:]_, i ¢H’
g 0.4 S
%02
[
NNENES 28
-4m, 4m,

-0.4 -02 00 02 04
x/lambda

A Ceff(m) CSIM (Bsp=3, Bpnw=1)

2m, 4my ‘ £§§

Figure 1. (a) Point spread function squared (left) and coherent
transfer function (center) for a diffraction-limited microscope (gray)
and a conventional SIM (blue). The square of the PSF and CTF for a
PSIM with f# = 3 are shown in red. The right panels sketch the
illumination in each case. (b) Effective CTF and the illumination
required for our 4-fold super-resolution CSIM proposal.
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function (CTF) for a DLM are rendered in gray in the right
and central panels of Figure la. A schematic picture of the
illumination is depicted in the top left panel, showing a plane
wave impinging from the top and lacking of any spatial
structure within the object plane (x-direction). Note that the
diffraction-limited CTF, Cppp(m), is modeled through an
abrupt low-pass filter ranging from —m, to m, where, for
simplicity, we assume a numerical aperture (NA) equal to 1,
and m, = ky/27 = 1/ (see Supporting Information).

The PSF squared and CTF for a conventional SIM are
shown in blue in Figure la. By using a photonic (free-
propagating) standing-wave, which within the FO frame is
described as E(x) = cos(kyx + @/2), an effective transfer
function twice wider than the DLM can be realized. Note that
this resolution enhancement can also be achieved using two
1ndependent oblique illuminations instead of a sanding-wave
pattern.”® The SIM scheme requires the linear combination of 3
diffraction-limited images taken from the object for 3 different
values of the parameter ¢ (which controls the position of the
illumination nodes and antinodes within the object plane). See
ref 34 for a detailed description of the coherent SIM
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methodology. Red color corresponds to the same imaging
scheme but replacing the incident fields by a plasmonic
standing-wave with a propagating constant § = 3 (defined as
the ratio between the wave-vector component along x-direction
and k,). We term this case as PSIM-3, borrowing the notation
introduced in previous literature.”*

Figure la shows that, by using a plasmonic structured
illumination, object features well below the diffraction limit are
retained in the PSIM-3 image. The effective CTF, in this case,
covers spatial frequencies up to +4m, but also presents a gap
for Iml < 2m,. This means that the spatial information lying
within this band is lost in the final image. Thus, the
corresponding PSF presents a sharper central maximum but
at the expense of significant side lobes that deform the image.
Note that these resemble very much the artifacts associated
with the apodization method,* whose near-field correction led
to the emergence of scanning confocal microscopy.*’ Figure 1b
illustrates our CSIM strategy aiming to overcome this obstacle
in the far-field. It consists in using a coherent superposition of a
photonic and a plasmonic standing-wave (see right panel) as
the structured illumination. This way, it must be possible to
construct images retaining both high (2m, < Iml < 4m,) and
low (Iml < 2m,) spatial frequencies from the object (see the
effective transfer function in the left panel) and obtain full 4-
fold super-resolution.

The starting point for the construction of the CSIM image
retrieval method is the comparison between two different
microscopes. First, we consider an ideal, unphysical 4-fold
super-resolution device that presents an inherent CTF like the
one shown in Figure 1b. This transfer function can be
expressed in terms of Cpyy(m) as

Cyy(m) = Cppp(m — 3mg) + Cpp(m — my)

+ Cpim(m + mg) + Cp(m + 3my) 6))

The 4-fold super-resolved images obtained from this micro-
scope under plane-wave illumination, E(x) = E,, can be written
within the FO framework as

La(x) = 2(Sp(x) + T(x) + V_(x) + V() + Ty(x))

)
where each image component carries different spatial frequency
information. T;(x) and T;(x) describe the EM intensity
transmitted through Cpu(m + mg) and Cppu(m + 3myg),
respectively. The V-terms reflect the coherent cross-talk
between these two different spatial frequency windows. Finally,
So(x) takes into account the superposition of the EM fields
transferred through Cppy(m — 3mg) (Cpp(m — mg)) and
Cowm(m + 3mgy) (Cppm(m + mg)). In the Supporting
Information, a detailed derivation of eq 2 can be found, as
well as the expressions for the various image components as a
function of the various terms in eq 1.

The second imaging setup consists of a diffraction-limited
microscope and the CSIM illumination described above. The

incident electric field can be expressed as
q)PW) + Agp cos(ﬁspkox + (ﬂsp)
2 2
®)

where @py and @gp are the phases that control the position of
the nodes and antinodes of the photonic (PW) and plasmonic
(SP) illumination components, and Agp and fgp are the relative
amplitude and propagation constant of the SP standing-wave. It

Ecom(®) = cos(kox +
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can be demonstrated (see Supporting Information) that the
DLM images obtained from Egy(x) evaluated at fgp = 3 have
the form

Tesi(x) = 2(So1(%) + AgpripSos(x))
+ 2(Ti(x)cos(2kgx — @py) + Uy(x)sin(kgx — @)

Psp — @
+ ZASPrSP(V_(x)cos(ZkOx - u)

+ W_(x)sin(ZkOx - wn

Psp + @
+ ZASPrSP(V+(x)cos(4k0x - %)

+
+ Vlﬁr(x)sin(4k0x - W))

+ ZASZPrSZP(Ig(x)cos(6kOx = @gp) + Us(x)sin(6kgyx — @)
4)

where rgp is the reflection (or transmission, depending on the
microscope configuration) coefficient for the specimen under
the incident SP fields, normalized to the reflectivity (trans-
missivity) for the PW component of the illumination. This
parameter is introduced to reflect that, in general, the optical
response of the imaged object depend on the incident wave-
vector. Note that, by construction (see Supporting Informa-
tion), Sp1(x) + Sp3(x) = So(x), and therefore, all the super-
resolved terms in eq 2 are also present in eq 4.

The CSIM image retrieval method detailed in the Supporting
Information shows that 13 different Iog(x) are required to
extract I,(x). This number is given by the minimum set of
coefficients required to build each of the terms in eq 2 through
linear combinations of purely intensity (without any phase
information) diffraction-limited images. This procedure require
CSIM illuminations involving five different @, and three
different ¢py (importantly, any SP and PW phases can be
chosen). In order to avoid further, time-consuming, image
postprocessing treatments, the relative amplitude of the
incident SP standing-wave can be calibrated a priori (through
the imaging of a reference sample with the SP and PW
components of the illumination separately) so that Agprgp = 1 in
eq 4 (see Supporting Information). This is equivalent to set the
same amplitude for the scattered waves originated from the SP
and PW components of the illumination.

Figure 2a shows FO calculations for the CSIM imaging of a
1D object of width a = 0.14. Note that by operating on a
specimen smaller than the resolution expected for our
microscope, the square of the effective PSF for our CSIM
approach can be directly obtained. In the background, the 13
DLM images used to build the super-resolved image are shown.
These were obtained using the diffraction-limited PSF, hp(x)
= F[Cpp(m)] (where F7'[-] denotes the Fourier transform).
The colors indicate the choice of PW phases in eq 3: red (50°),
green (100°) and cyan (150°). The line profiles label @gp: solid
(30°), dashed (60°), dotted (90°), dotted-dashed (120°) and
double-dotted-dashed (150°). Note that the two DLM images
corresponding to (@pw = 150°, @gp = 30°) and (@py = 150°,
@sp = 150°) were not needed to construct the CSIM 4-fold
super-resolved image rendered by the dark blue line in Figure
2a. As expected, this image exactly overlaps with I,(x)
calculated directly for an ideal microscope with a CTF given by
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Figure 2. (a) Fourier optics CSIM image of a deeply subwavelength (a
= 0.11) object (dark blue) obtained from the 13 diffraction-limited
images rendered in the background: red, green, and cyan colors
correspond to @py = 50, 100, and 150°, respectively, and solid, dashed,
dotted, dotted-dashed, and double-dotted-dashed lines to @gp = 30, 60,
90, 120, and 150°. The right inset plots the various components of the
super-resolved image. The left inset shows the sensitivity of the CSIM
effective PSF against variations in fgp. The color scale ranges from 0
(dark blue) to 1 (red). (b) FO CSIM images (and the various image
components) for 1D objects of width a ranging from 0.014 to A. The
object edges are shown in white dashed lines.

eq 1. A direct comparison between Figure 2a and Figure 1
evidence the 4-fold (2-fold) sharpening of the effective PSF in
our CSIM approach with respect to the DLM (SIM) schemes.
In the left inset, the sensitivity of the CSIM super-resolved
image (a = 0.14) against the SP propagation constant is shown.
The contour plot reveals that for fgp > 3, the super-resolved
image develops side lobes in a similar way as the PSIM-3 image
in Figure la. On the contrary, by decreasing this parameter, the
CSIM I,4(x) broadens and approaches the SIM image in Figure
la.

The right inset of Figure 2a plots the various terms in eq 2
for the super-resolved image in the main panel. Note that these
components present positive and negative values, so that their
superposition leads to a reshaped, non-negative, final image of
the specimen. As we anticipated, each term carries distinct
spatial information on the object. They exhibit different
oscillation pitches along x-direction, given by the arguments
of the trigonometric functions in eq 4 (note that 2T (x) and
2V_(x) present the same oscillation pitch but different
amplitude). In Figure 2b CSIM super-resolved images for 1D
objects of width a ranging from 0.014 to A are shown (left
panel). Note that the images sharpen with decreasing a down
to A/8, where they saturate evidencing that smaller objects are
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beyond the resolution power of the scheme. Figure 2b renders
the super-resolved image components as a function of a/A.
These panels illustrate the spatial information behind each term
in eq 2. Thus, 25y(x) and 2T;(x) reflect the bulk of the object
for a < 1/2, with edge corrections given by 2V_(x) and 2V, (x)
and a negligible contribution from 2T;(x). On the other hand,
for a < /4, the amplitude of 2V,(x) and 2T;(x) are
significantly larger and become comparable to the other
components.

We have verified our imaging method within the FO frame.
In order to demonstrate the super-resolution power of our
proposal beyond the scalar, paraxial approximation inherent to
this treatment, we present next a rigorous EM description of a
teasible CSIM implementation. Importantly, we propose here a
proof-of-principle realization of CSIM imaging, the develop-
ment of an optimized setup is beyond the scope of this work.
Our approach consists in generating full EM (diffraction-
limited) images for different illumination configurations and
combine them following the recipes introduced above, which
are based on FO assumptions. Figure 3a shows a schematic
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Figure 3. (a) Left: Schematics of the full EM modeling of a CSIM
setup. Right: Near-field of the specimen. (b) Re{H.,} for the PW (left)
and SP (center) component of the illumination, and Im{H,} (right)
for the total scattered fields (@py = 100°, @gp = 90°). The dimensions
and refractive index of the specimen are a = h = 46 nm and ng = 1.3 (1
= 465 nm). The color scale ranges from red (positive) to blue
(negative). Note the different amplitude factors. (c) EM CSIM image
for the same object and different SP incident amplitudes. The black
line is evaluated at Agprgp = 1, and the corresponding FO prediction is
rendered in shaded black dashed line. Red and green lines are EM
images for Agprsp = 0.33 and 3.0, respectively. The left inset shows the
images obtained for both components of the illumination
independently (@gp = @pyw = 0) for Agprep = 1. The right inset
shows the sensitivity the full EM CSIM image against variations in Agp.
The color scale renders the image intensity from 0 (blue) to 1 (red).
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picture of our model for a realistic CSIM design. As our analysis
has a fundamental purpose, we assume translational symmetry
along the z-direction, which allows us to consider only
transverse magnetic fields within the xy-plane. Four aspects of
the imaging process need to be taken into account
independently: the illumination, the coherent scattering in
the near-field of the specimen, the far-field propagation of the
scattered fields, and the imalge formation in a diffraction-
limited, high NA microscope.*

We simplify the EM description of the composite photonic—
plasmonic standing-wave to its injection in the near-field of the
specimen. We omit a detailed treatment of its far-field
realization and near-field coupling, which is beyond the scope
of this work. Briefly, a CSIM platform would require the
combination of a standard SIM configuration®* and a setup
similar to the ones recently implemented for highly tunable
plasmonic focusing.>** In these systems, plasmon standing
wave patterns are produced through engineered coupling from
an incident laser beam,*** and the position of the illumination
maxima (plasmon phase) is controlled through the angle of
incidence of the incoming light.21 Thus, the CSIM illumination
would be obtained by splitting an initial laser beam into two
components, controlling their relative phase and amplitude in
the procedure. These two beams would then be used to
generate the PW and SP standing waves whose coherent
interference forms the final electromagnetic fields pattern. The
left panel in Figure 3a depicts the near-field of the specimen as
well as the metal-dielectric structure that we use as our CSIM
platform (we assume that n = 1 for the background medium).
The geometry is designed to support a surface plasmon
polariton mode at 4 = 465 nm (from now on, the operating
wavelength) with a propagation constant fgp = 3.0 + 0.1i. The
refractive index for the 22 nm thick dielectric layer and the
metal permittivity are taken from experimental data for GaN*
and epitaxial silver,* respectively. Importantly, recent advances
in the synthesis and fabrication of low-loss high refractive index
dielectrics, such as GaP,*”*® make these materials promising
candidates for CSIM platforms presenting a much larger field of
view.

Using Comsol Multiphysics, the coherent scattering of the
CSIM incident fields with the specimen can be calculated
numerically. The z-component of the magnetic field, H,, for the
composite photonic—plasmonic standing-wave illumination is
injected analytically in each region of the system, and Maxwell
Equations are solved for the scattered fields. Note that a similar
configuration has been used recently for the modeling of dark-
field spectroscopy experiments.*’ Figure 3b shows H, snapshots
for the PW (left) and SP (center) components of the
illumination, as well as the total scattered fields (right) for an
object with a = h = 46 nm (~0.14) and refractive index ng = 1.3.
Note the numerical scale in each panel. The propagation of the
scattered fields away from the sample is described using the
Stratton-Chu theorem,>® which provides a rigorous near-to-far-
field projection of the electric field. Finally, we treat the image
formation through the diffraction limited microscope in our
CSIM setup using the Debye-Wolf integral formalism,>" which
is a suitable approach for the modeling of optical focusing
through a high NA lens.*'

The black line in Figure 3c plots the full EM 4-fold CSIM
image obtained for the square object shown in panel (b). L (x)
was built from the EM images obtained through the procedure
discussed above for illuminations with the same PW and SP
phases as the ones considered in Figure 2a. For comparison, the
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FO prediction is also shown in black dashed shaded line. The
agreement is excellent, and proves the validity of our imaging
scheme and its 4-fold super-resolution power. The left inset
shows diffraction-limited EM images obtained from the
specimen under the PW and SP components of the
illumination separately, evaluated at @py = 0 and @g = 0°
respectively. The fact that both images overlap indicates that
our illumination satisfies the condition Agprep = 1.

The contour plot in the right panel of Figure 3c investigates
the robustness of the super-resolved image against variations in
the SP amplitude of the illumination. For smaller (larger)
plasmonic amplitudes, Agprep < 1 (Agprgp > 1), and the image
broadens (develops side lobes) in a similar way as we observed
in Figure 2a by decreasing (increasing) fgp. This effect is clearly
observed in the red and green lines in the main panel, which
correspond to I,(x) calculated for Agrgp = 0.33 and 3.0,
respectively. Note that the dependence of the CSIM images on
the relative scattered amplitude can be also interpreted in terms
of the absorption losses experienced by the SP component of
the illumination, which presents a propagation decay length Lgp
= A/(2alm{Bsp}) = 1.64 (defined in terms of field amplitude).
Thus, shifting the position of the specimen by 820 nm would
be equivalent to a factor 3 reduction in Agprgp. This effectively
constrains the microscope field of view to a few microns.

Our EM model for CSIM imaging does not only allow us to
verify the scheme, but also to study the sensitivity of the
implementation that we propose against configuration param-
eters that cannot be taken into account in a simple FO
treatment. Figure 4a plots CSIM super-resolved images (1 =
465 nm) for a single, square object of side 46 nm, and different
refractive indices ranging from 1.05 to 1.5. In all cases, the
illumination amplitudes were set to yield Agprgp = 1 following
the same procedure as in Figure 2¢c. The images show that the
CSIM imaging scheme can operate at low refractive index
contrasts, as the effective PSF varies only very slightly from ng =
1.5 to L.1. For ng = 1.05, I, (x) is distorted and develops
significant side lobes. These are originated from substrate
effects in the scattering of the incident fields and the specimen.
In the FO description, these are not taken into account, and
hence, they are neglected in the CSIM image retrieval method.
The occurrence of multiple scattering and significant field
enhancement at the metal-dielectric interface of the CSIM
substrate can be observed in the left panel of Figure 2b.

The left inset of Figure 4a plots the SP amplitude of the
illumination used to generate the images in the main panel
versus the refractive index of the specimen. For reference, the
data are normalized to the case ng = 1.3. The variation of the SP
amplitude is introduced to account for the change in the optical
response of the object and satisfy the relation Agprsp = 1 for all
ng. The panel indicates that a refractive index change of 0.1
requires a factor ~3 change in Agp. Failing to introduce this
amplitude correction leads to deviations from I,,(x) similar to
the ones presented in Figure 3c.

The right inset in Figure 4a analyzes the dependence of the
super-resolved CSIM images on another parameter character-
izing the illumination, the standing-wave phases. Three
different degrees of phase noise (indicated by a percentage of
the nominal value) have been introduced in the EM fields
modeling the CSIM illuminations, keeping the nominal phase
values in the image retrieval recipes. Our results (ng = 1.3,a=h
= 46 nm) indicate that the super-resolved image is completely
blurred for noise levels of 10%, and develops side lobe
oscillations of relative height 0.4 and 0.2 for 1% and 0.1%,
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Figure 4. (a) Full EM CSIM image for a single specimen witha = h =
46 nm and different refractive indices. The incident SP amplitude is
calibrated to fulfill Agprgp = 1 in each case. The left inset plots the
calibrated SP amplitudes as a function of ng. The right inset shows the
CSIM PSF sensitivity to noise effects (expressed in %) in @py and @gp
(ng = 1.3). (b) Super-resolved images for different gap distances
between the object (a = h = 46 nm, ng = 1.3) and the CSIM substrate.
The right and left insets plot the diffraction-limited images for the
same object illuminated only with the SP (@gp = 0°) and PW (gpyy =
0°) fields. Dotted and solid lines correspond to gap distances of 25 and
250 nm, respectively.

respectively. The sensitivity of our CSIM method to phase
noise is similar to conventional SIM, where more robust-to-
noise super-resolved images can be built by modifying the
reconstruction procedure so that a larger amount of DLM
images are used. This comes at the expense of lower operation
speed.>?

Next, we further investigate the impact of multiple scattering
and substrate effects on our imaging scheme. Figure 4b renders
CSIM images for various gap distances between the object in
panel (a) and the metal-dielectric substrate. By varying this
separation, the phase difference between the fields directly
scattered by the specimen and those reflected from the metal-
dielectric platform is modified (note that the latter are
neglected in our CSIM image retrieval method). Thus, we
use the gap distance to control the superposition between these
two scattered field components and analyze the impact of
substrate effects. The CSIM images in Figure 4b indicate that
these only introduce minor distortions (in the form of side
lobes) for separations up to 100 nm. However, for larger
distances (250 nm), the phase accumulated in this multiple
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scattering gives rise to a complete distortion of I,(x). This can
be understood as a consequence of the fact that the scatterer is
no longer optically thin, as it is assumed in our CSIM
methodology (see Supporting Information). The left inset
shows the DLM images obtained for 25 nm (dotted line) and
250 nm (solid line) separations under the SP component of the
illumination only (¢g = 0). The right inset renders the same
but for the PW fields (@py = 0). Whereas the SP and PW
images overlap for the 25 nm gap, substrate effects produce a
great distortion in the image under PW illumination for a 250
nm distance. According to Figure 4b, we can set the depth of
focus for our CSIM scheme below 120 nm (~1/4).

Up to here, we have investigated the performance of our
implementation of the CSIM scheme through the imaging of
single, isolated objects. This way, and using Abbe’s criterion,”
we have demonstrated the /8 resolution power of the
technique. However, many other criteria to assess optical
resolution can be found in the literature. Among them, the so-
called Rayleigh criterion,>* which sets the minimum resolvable
distance through the imaging of two closely spaced objects, is
probably the most accepted. In the following, we present an
analysis of CSIM resolution power in the spirit of the Rayleigh
criterion. Specifically, we consider two ng = 1.3, h = 46 nm
objects of width w/2, separated by a gap of size w, and
investigate the sample image for w ranging from 0 to 370 nm
(0.84). Figure Sa—d display FO optics calculations describing
the imaging of the system (the object edges are plotted in white
dashed lines) under four different microscopes. Panels (a) and
(b) show DLM and SIM images, which resolve the two objects
down to w = A/2 and w = /4, respectively. For smaller w, the
two intensity maxima merge and the images present a single
peak. Panel (c) evaluates the performance of the PSIM-3
microscope in Figure 1 and reveals the significant image
distortions caused by the side lobes in its effective PSF. Note
that panels (b) and (c) were generated through the
combination of three DLM images.** Finally, panel (d)
shows the CSIM images built using 13 diffraction-limited
images of the specimen. In this panel, the two objects are
apparent down to 4/8, in agreement with the 4-fold resolution
power that the Abbe’s criterion yields for the scheme.

Figure Se shows the comparison between FO (shaded lines)
and full EM (solid lines) CSIM images for different w, indicated
in nanometers and in A-units in each panel (4 = 465 nm). The
bottom panel corresponds to a single, a = 46 nm, specimen
taken as the reference to set the SP relative amplitude in the
CSIM illuminations used for all the samples. In all cases, FO
and EM predictions are in remarkable agreement, given that
not only the object-substrate but also object—object multiple
scattering effects that emerge in the EM calculations are not
taken into account in the CSIM image retrieval method. Note
that the two object can be clearly distinguished for w = 0.154 =
70 nm, whereas they seem to merge for w = 0.14 = 0.46 nm.
Using a slight modification of the Rayleigh criterion,>® we can
conclude that the sample for w = 0.134 = 60 nm is fully
resolved, as the image intensity drops to half its maximum at
the gap between the two objects.

Figure Sf,g render the EM IL(x) for w = 70 and 60 nm,
respectively, together with the DLM images used for their
generation (shown in the background). The @pyy and @gp values
in the CSIM illuminations are the same (and follow the same
color and profile codes) as in Figure 2a. Figure Sh plots the
super-resolved CSIM image for an asymmetric configuration
consisting of two objects of widths 30 nm (left) and 35 nm
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Figure S. FO images for two objects of width w/2 separated by a gap
of size w as a function of w/A (the specimen edges are plotted in white
dashed lines). The different panels correspond to the images obtained
for DLM (a), conventional SIM (b), PSIM with fsp = 3 (c), and CSIM
(d). Solid (shaded) lines in panel (e) plot EM (FO) CSIM images for
various w. The operating wavelength is set to 465 nm, and ng = 1.3.
Panels (f) and (g) plot the EM CSIM images for w = 70 and 60 nm,
respectively. Panel (h) renders the asymmetric image obtained from
two objects of widths 30 nm (left) and 35 nm (right) separated by 65
nm. The diffraction-limited images in these three panels are also
shown, labeled as in Figure 2a. The insets render the scattered Im{H.}
for the values of @py and @gp yielding the most intense image in each
case.

(right), separated by a 65 nm gap (the corresponding DLM
images are shown in the background). Note the drastic
differences among the background images in these three panels.
The insets display snapshots of the near-field scattered H, for
the incident illumination that yields the most intense image in
each case. The high sensitivity of the diffraction-limited images
to the sample geometry (note that there is only a 0.024
difference in w between panels (f) and (g)) is the origin for the
high resolution power of our CSIM proposal. Importantly, this
sensitivity also explains the high impact that any deviation from
the nominal characteristics of the illumination has on the final
super-resolved CSIM image.

In all our calculations, we have assumed translational
invariance along y-direction in our CSIM setup, which makes
the images depend only on the x-coordinate. Importantly, the
extension of our proposal to full 2D imaging does not require
modifying our CSIM methodology. On the contrary, 4-fold
super-resolved images from 3D specimens can be obtained by
simply rotating the illumination plane. This way, the total
number of diffraction-limited images required to achieve 2D 4-
fold super-resolution is given by 13 times the number of
illumination planes. Note that this is the mode of operation of
most SIM schemes,”>>"® where the final image is constructed
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by adding the super-resolved SIM images collected in 3—5
azimuthal steps.

In conclusion, we have presented a theoretical proposal to
achieve far-field 4-fold optical super-resolution on non-
fluorescent samples. The scheme uses coherent scattering
from a tunable composite photonic—plasmonic structured
illumination. A super-resolved image retrieval method has
been developed within the Fourier optics frame, requiring the
linear combination of 13 diffraction-limited images to resolve
spatial features down to A/8. The approach has been verified
through full electromagnetic simulations modeling its exper-
imental implementation, which resolves object features down to
60 nm for a 465 nm operating wavelength. The sensitivity of
this proof-of-concept setup against illumination parameters and
specimen characteristics has been thoroughly analyzed. We
have shown that it presents limitations in microscope attributes
such as the field of view or phase-noise sensitivity, which are
expected to be overcome in an optimized design. Finally, the
resolution power of the imaging technique has been also
proven through the systematic imaging of closely spaced
objects. We believe that our fundamental findings offer novel
possibilities in the scientific quest against the diffraction limit of
classical optics, broadening the current microscopic imaging
toolbox, and opening a promising technological pathway to
push nonfluorescent far-field optical resolution deep into the
nanoscale.

B ASSOCIATED CONTENT
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Detailed Fourier optics description of our composite
photonic—plasmonic structured illumination imaging scheme
is presented. Section I provides a brief introduction to the
fundamentals of coherent imaging theory. In Section II, our
approach is motivated through the comparison with an intrinsic
four-fold super-resolution device. In Section III, the image
retrieval method behind our proposal is developed. Finally, in
Section IV, the calibration of the relative amplitude between the
photonic and plasmonic components of the illumination is
discussed. This material is available free of charge via the
Internet at http://pubs.acs.org.
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