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I. DETAILS OF DM-LPSIM SIMULATION

The FEM simulation of plasmonic nanodisk arrays were performed using the COMSOL Multi-

physics software package version 5.2. The simulation uses Floquet periodic boundary conditions,

with ports defined underneath and above the structure for the input and diffracted waves. The mesh

employed to model the nanodisks in the configurations A1 and A2 are shown in Figs. S1(a,b). The

Ag nanodisks have a thickness of 20 nm and a refractive index nAg = −13.62− 0.41i. The ab-

sorbance (A) spectra of arrays A1 and A2 shown in Fig. 2(c) and in Fig. S1(c) were calculated from

the simulated reflectance (R) and transmittance (T) spectra as A = 1−R−T . For these wavelength

resolved calculations interpolated Ag refractive index data from Ref. 1 was used. The nanodisk

diameter was selected to be d = 99nm for A1 and d = 62nm for A2. As depicted in Fig. 2(b) the

sample consists of a glass substrate, Ag nanodisks embedded in sol-gel and a PMMA layer on

top. The glass substrate has the refractive index nglass = 1.46 and is in contact with the bottom

input port. The sol-gel layer is modelled as 30 nm thick layer with same index as the glass layer

(nsol−gel = 1.46). On top of that, is the PMMA layer (nPMMA = 1.6), which is 50 nm thick for A1

and 100 nm thick for A2. The total height of the simulation domain in z direction is 1 µm.

The simulated complex x, y, z components of the electric field profiles were extracted in the

x-y plane at different heights t above the nanodisk array and imported in a MATLAB script, which

further processes the data. The resolution of the exported fields was 200× 346, which resulted

in an initial step size of around 0.58 nm for A1 and 1.44 nm for A2. A large illumination area is

generated by copying the complex electric field in the simulated unit cell in x and y directions. For

A1 we combined 60×35 unit cells to create a field of view of around 7µm and for A2 57×33 unit

cells for a field of view of around 16µm. The phase profiles of the combined fields are corrected

by multiplying neighboring unit cells with ∆Φ j = exp
(
ik∥, j ·drl,m

)
, where dr(l,m) is the distance

vector of unit cell with index (l,m) from the origin. After that, the DM-LPSIM illumination

patterns were calculated using Eq. (2) and down-scaled using bi-linear interpolation to 252×252

pixels. This resulted in an effective pixel size of 27.4 nm for A1 and 64.0 nm for A2.

Figures S1(d-l) are corresponding to Figs. 2(d-l) from the main article but for the parameter

configuration A2 and at a distance t = 80 nm from the array. Figure S2 shows the piFP reconstruc-

tion results for DM-LPSIM configuration A2 as compared to widefield imaging and regular SIM

using the same NA = 0.55. The resolution enhancement ability of DM-LPSIM at the distances

t = [40,60,80,100,120]nm as compared to regular SIM can be more quantitatively assessed using
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FIG. S1. Simulation procedure for the A2 array (a-b) The mesh of the nanodisk array A1 and A2, respectively.

(c) The absorbance spectrum of the hexagonal Ag array A2. (d) Phase profile arg(Ex(x,y)) of 7×4 combined

unit cells. (e-f) Example LPSIM illumination pattern and its Fourier transform. (g-h) A simulated LPSIM

measurement and its Fourier transform. (i-j) Example DM-LPSIM illumination pattern and its Fourier

transform. (k-l) A simulated DM-LPSIM measurement and its Fourier transform. The circles in the panels

(d),(e), and (i) indicate the size and positions of the nanodisks. The green dashed circles in the Fourier plots

indicate the cutoff frequency of WF imaging. Panels (d-l) show results at an extraction height t = 80 nm and

an azimuthal angle ϕ = 150◦. The color scale in the panels (h) and (l) is logarithmic and otherwise linear.

the MTF plots in Fig. 4(b) in the main article. The reconstructed images in Figs. S2(a3,a4) have

stronger artifacts resembling the plasmonic grating itself compared to the results of configuration

A1. Such artifacts in plasmonic-SIM occur because the high wave-vector components of the struc-

tured illumination are largely concentrated in hot spots that reside at the plasmonic particles, and

that can not be shifted through the unit cell by changing illumination conditions. It is hence a

challenge to sample the entire unit cell for high-wave vector information. Additionally, note that
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FIG. S2. Reconstruction results for simulation configuration A2. (a1) WF microscopy image for NA = 0.55.

(a2-a6) Reconstructed images using regular SIM, LPSIM, and DM-LPSIM illuminations. The LPSIM and

DM-LPSIM reconstructions are shown for particle distances of t = 120nm and t = 40nm, respectively.

(b1-b6) Fourier transforms of (a1-a6)

. The blue dashed circles in panels (a1), (a2) and (a6) indicate the radius of the cross-cuts shown in

Fig. 4(d). The green dashed circles in panels (b1-b6) indicate the cutoff frequency of WF imaging.

since the pixel size of 64.0 nm2 is much larger than some of the plasmonic near-field features,

aliasing artifacts occur, which are visible at higher k values in the Fourier plots in Figs S2(b3,b4).

II. RECONSTRUCTION ALGORITHMS

This section summarizes the various reconstruction algorithms tested to extract high-resolution

specimen images from synthetic and experimental SIM data. At the beginning of each reconstruc-

tion method an initial guess of the specimen is created as an averaged sum of the raw measurements

sest
0 (x,y) =

1
L

L

∑
j=1

M j(x,y). (1)

and by performing five iterations of the Richardson-Lucy (RL) deconvolution3. Hereafter, differ-

ent iterative reconstruction algorithms are used to further improve the resolution of the specimen

image guess sest
n , where n = 1, ...,N is the iteration index.
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A. Pattern-illuminated Fourier ptychography with multiple patterns

The pattern-illuminated Fourier ptychography (piFP) algorithm allows to reconstruct high-

resolution specimen images from LR pattern-illuminated measurement data4,5. The piFP recon-

struction can be understood as a minimization of the squared difference between the acquired data

set
{

M j
}

and an iteratively refined estimate of the data set
{

Mest
j,n

}
based on the forward model of

the imaging process

Mest
j,n =

∣∣F−1 [F (
sest

n ·Pj
)
·OTF

]∣∣, (2)

where j = 1, ..L is the pattern index, sest
n is the nth estimate of the specimen image and Pj is the

jth illumination pattern. The high-resolution part of the measurement estimate in Eq. (2) is in

the following referred to as MHR,est
j,n = sest

n ·Pj. In each piFP iteration step, MHR,est
j,n is updated by

following the update rule

M̃HR,est
j,n = M̃HR,est

n−1, j +OTF ·
[
M̃ j −OTF · M̃HR,est

n−1, j

]
. (3)

After transforming MHR,est
n,i back to the spatial domain, it is used to update the super-resolved

sample estimate using the following update rule

sest
n = sest

n−1 +
L

∑
j=1

Pj

max
(
Pj
)2

(
MHR,est

j,n − sest
n−1 ·Pj

)
(4)

Note, that the originally proposed piFP implementation in Ref. 4 assumes only one illumination

pattern, which is translated or rotated to different known positions on the sample. In contrast to

that, here a series of L different patterns, which do not have to be translations of each other, is

considered. The above extension of piFP was found to work reliably in combination with the

simulated DM-LPSIM and regular SIM illumination patterns. However, the proposed illumination

pattern recovery in Ref. 4, did not work for the case of a series of illumination patterns, which is

why piFP was only used in combination with known illumination patterns. The convergence dur-

ing each reconstruction is studied using the mean-square-error (MSE) of the sequential sn images.

Each of the reconstructions is terminated after N = 2000 iterations, which serves as a regulariza-

tion of the piFP algorithm.

B. Blind and filtered blind-SIM

Similarly to piFP, the blind-SIM reconstruction approach is based on a minimization of the

squared difference between the acquired data set
{

M j
}

and an iteratively refined estimate of the
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data set

Mest
j,n =

∣∣F−1 [F {
sest

n ·Pest
j,n
}
·OTF

]∣∣ (5)

The difference is that in blind-SIM the illumination patterns Pest
j,n are themselves part of the recon-

struction and a gradient descent algorithm is used to minimize the cost function

F
(
sest

n ,{Pest
j,n}
)
=

L

∑
j=1

∣∣∣∣M j −Mest
j,n
∣∣∣∣2 . (6)

The inverse problem defined by this minimization is ill-posed and needs to be regularized, since it

is largely under-determined. Thus, in order to achieve regularization the minimization is stopped

after a fixed number of iterations. It is well known that additional constraints to this inverse prob-

lem can yield an improved resolution of the reconstruction results6. Here, the positivity constraint

is applied, which makes use of the fact that the specimen image and the illumination patterns can

not be negative. This is achieved by redefining sest
n and Pest

j,n in terms of the positive auxiliary

functions sest
n = ξ 2

n and Pest
j,n = η2

j,n as proposed in Ref. 7. Furthermore, in contrast to the origi-

nally proposed blind-SIM the sum of the illumination patterns is not assumed to be uniform, as

this condition is not generally true in DM-LPSIM. The blind-SIM algorithm was implemented

in MATLAB makes and using the L-BFGS (limited memory Broyden-Fletcher-Goldfarb-Shanno)

algorithm from the minFunc package by M. Schmidt, which is a quasi-Newton minimization tech-

nique8–10. Each blind-SIM iteration performs three damped L-BFGS updates on the specimen

image and the illumination patterns simultaneously. For the line-search in the L-BFGS algorithm

the Wolfe condition with quadratic interpolation was used. Moreover, the descent directions of the

L-BFGS algorithm are calculated using the following gradients for ξn and η j,n:

∂F
(
ξn,{η j,n}

)
∂ξn

=−4ξn−1

L

∑
j=1

η2
j,n−1

(
M j −Mest

j,n−1
)
⊗PSF

∂F
(
ξn,{η j,n}

)
∂η j,n

=−4ξ 2
n−1η j,n−1

(
M j −Mest

j,n−1
)
⊗PSF,

(7)

where ⊗ denotes a convolution operation.

The so-called filtered blind-SIM (fb-SIM) approach introduces an additional constraint to the

blind-SIM reconstruction by making use of the approximate knowledge of the illumination wave

vector components11. This is achieved by Fourier filtering the illumination pattern gradient with

a binary mask consisting of a central circle with a radius of kLR
cutoff and circles with a radius of

8 pixels at the expected illumination wave vector positions in k-space. This effectively guides
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the illumination reconstruction towards the expected k-components and was shown to make the

algorithm more robust against optical aberrations and illumination imperfections11.

C. Joint Richardson-Lucy deconvolution (jRL)

The joint Richardson-Lucy deconvolution (jRL) reconstruction approach was proposed by In-

garamo et al. for image scanning microscopy and was further adapted to multifocal structured

illumination microscopy data by Ströhl et al.3,12. While jRL reconstruction does not reconstruct

the illumination pattern, its main strength is the ability to handle images with a varying PSF and

SNR and merge them into a single SR image. As the other reconstruction techniques jRL is based

on modeling the underlying forward imaging model to establish a measurement estimate

Mest
j,n =

∣∣F−1 [F {
sest

n ·Pj
}
·OTF

]∣∣. (8)

After that, the ratio between the actual measurement M j and the measurement estimate Mest
j,n is

used to iteratively update the specimen image

sn = sn−1 ·

[
L

∑
j=1

∣∣∣∣∣F−1

[
F

(
M j

Mest
j,n−1

)
·OTF

]∣∣∣∣∣ ·Pj

]
. (9)

D. Resolution characterization

The modulation transfer function (MTF) is calculated by first transforming the Siemens star

image from Cartesian x/y coordinates to cyllindrical ρ/ϕ coordinates. Then at every slice in ρ

a sine function (with three variables for contrast, phase and y-offset) is fitted to the data using a

nonlinear least-squares fit. The contrast of this sine fit yields the MTF:

MTF =
Imax − Imin

Imax + Imin
. (10)

The normalized wave vector, which is used as the x-axis of the MTF plots, is calculated from the

radius ρ using:
k
k0

=
Ncycles

ρ · k0
, (11)

where Ncycles = 16 is the number of black/white cycles in the Siemens star.
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III. SAMPLE FABRICATION

The fabrication starts by cleaning a 170 µm thick glass coverslip using a base piranha solution,

and an O2 plasma etch. We prepared the sample for the first EBL step by spin-coating 100 nm

of PMMA 495-A8, evaporating 20 nm of Ge and spin-coating 50 nm of CSAR (Allresist AR-P

6200:09). The CSAR layer, which serves as the e-beam resist, is thin to improve resolution. The

Ge layer is used as a hard etch mask and as a charge dissipation layer. The PMMA layer is used for

lift-off. The EBL exposure is done in a Raith Voyager system (50 keV, dose 130 µC/cm2), which

defines the hexagonal array patterns (50×50 µm2 sized, MBMS path) and the alignment markers

(four 100×100 µm2 sized crosses) into the resist.

After exposure, the CSAR resist is developed in a pentylacetate bath for 60 s. An O2:SF6 (1:5)

plasma is used for 60 s, to etch away the exposed part of the Ge layer. Subsequently, a 60 s long

O2 plasma etch is used to remove the exposed PMMA and create an undercut. Next, a 3 nm thick

Cr adhesion layer and a 20 nm thick Ag layer (at 0.9 Å/s) are thermally evaporated. The Ag film

is lifted off by dissolving the PMMA spacer layer in acetone while leaving the Ag nanodisk arrays

and markers on the substrate. The sample is rinsed in isopropanol and blow-dried with N2. An

example SEM (FEI Helios Nanolab 600) image of a fabricated nanodisk array is shown in the

main article in Fig. 5(b). For the purpose of SEM imaging, a 60 nm, thick conductive electra layer

on top of the sample. We removed it afterwards using demi-water and isopropanol.

Following this, a 50 nm layer of sol-gel V7 (SCIL Nanoimprint Solutions) is spin-coated on top

to planarize the surface. This glass-like material cures in air at room temperature and serves as a

protective layer for the Ag nanodisks. After this, a 50 nm layer of PMMA 950-A8 (MicroChem),

in which a concentration of 20 mMol of PM605 (Exciton, MW=376.25 g/mol) was embedded, is

spin-coated. The molecular structure of PM605 is shown in the inset of Fig. 5(c) and was drawn

using PubChem Sketcher V2.4. The choice of PMMA as the host medium for pyrromethene

was motivated based on reports of its positive effects on thermo- and photostability of the dye13.

The baking step, which is needed to evaporate the anisole solvent from the PMMA solution, was

performed at a relatively low temperature of 100◦C for 10 mins to prevent thermal bleaching of

the PM605 dye. The reported solgel and PMMA thicknesses were determined on separate glass

substrates using a profilometer and the same spin settings.

For patterning of this fluorescent layer, we conducted a second EBL step. To avoid charging

effects during EBL, a 60 nm, thick layer of electra (Allresist AR-PC 5090) is spin-coated. We
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found that electron exposure to locally reduce fluorescent emission, resulting in a fluorescent im-

age without physical height corrugation that would cause scattering. The spatial resolution of this

patterning method is assumed to be far better than the upcoming optical measurements, which is

why we selected it for the generation of our resolution test targets. Using this EBL-based technique

four Siemens resolution test targets (sized 25×25 µm2) were exposed (50 keV, dose 170 µC/cm2)

on top of each 100×100 µm2-sized Ag array were patterned. The position and orientation of the

two EBL steps were aligned by locating three of the Ag alignment markers, that were written in

the first EBL step. An initial estimate of marker position was found using the edge of the substrate

and the EBL design of the first layer. Then, an SEM image is acquired to select the exact center

of the markers. Due to the low thickness of the Ag markers and the additional layers (sol-gel,

PMMA, and electra) on top of it, the markers only become visible at relatively long acquisition

times. For reference measurements, additional Siemens stars were exposed in regions without

nanodisks. Finally, the conducting electra layer is removed by rinsing the sample in demi-water

and isopropanol. Note, that since the fluorescence contrast decays over time scales of weeks, the

experiment is performed quickly after exposure. However, the fact that the nanodisk arrays are

embedded in sol-gel, allows to remove and replace the fluorescent top layer multiple times before

the sample is degraded.

IV. MEASUREMENT AND ALIGNMENT PROCEDURE

During the DM-LPSIM measurements, a set of light gratings is sequentially projected on top

of a plasmonic grating. This incident light grating together with light scattered off the plasmonic

grating form the pump intensity patterns that are used to illuminate the specimen. Before the mea-

surements, the structured illumination unit was precisely calibrated to the objective and plasmonic

grating in use. In the first step, the SLM image was centered on the back focal plane (BFP) of the

objective. As described in Sec. 3.2 of the main article, to achieve this we first move to a reflec-

tive region on the sample, remove the emission filter and switch to BFP measurement mode by

flipping out lens L6 from the setup shown in Fig. 5(a). This makes it possible to capture the SLM

defined beam in the BFP. The x and y offset of the SLM image are calibrated using an image of a

ring (filled with blazed phase gratings) with a diameter equal to the BFP diameter, to achieve an

alignment precision of only a few SLM pixels. The blazed phase gratings have a pitch of 6 px and

are oriented at 45◦. The setup shown in Fig. 5(a) was aligned to transmit the first grating order of
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this blazed grating through the iris and towards the BFP of the objective.

The SLM images, which were used for the DM-LPSIM illumination, feature two circular

modes of blazed phase gratings having a radius of 6 px and a distance of 69 px. A circle with a

radius of 6 px on the SLM corresponds to a polar angle spread of around 2.7◦ on the sample plane.

The orientation of and distance between the two circular modes controls the azimuthal and polar

angle of the two-beam illumination pattern on the sample plane. The correct azimuthal and polar

angles of this two-beam illumination depend on the precise orientation and pitch of the hexagonal

plasmonic arrays. In order to align the light grating with respect to the plasmonic grating, the 2D

Fourier transformed fluorescent image illuminated by the DM-LPSIM pattern was utilized. For an

optimal DM-LPSIM pattern, the peaks in the Fourier transform should be uniformly distributed

as described in Sec. 2.1 of the main article. The two crucial alignment parameters are azimuthal

angle and the distance of the two circular modes in the SLM image. To make this process more

user friendly we implemented a Python GUI using wxPython that can Fourier transform a part of

your screen in real-time.

After the alignment the DM-LPSIM measurements were performed, in which the 27 SLM im-

ages are successively displayed. As mentioned earlier, these images have 3 different orientations,

each featuring 9 phase shifts. These phase shifts were achieved by increasing the phase offset of

one of the blazed grating modes. Using a custom .NET-based software the phase shifted SLM

images were displayed, while simultaneously capturing CCD images. For each azimuthal angle

a 10th measurement is performed, in which a black image is displayed on the SLM, and used for

background subtraction. Additionally, for each new azimuthal angle HWP2 was rotated using a

motorized rotation mount to ensure s-polarization. Note that one could further increase the mea-

surement speed by employing a circularly polarized illumination as suggested in Ref. 14 or by

using a segmented polarizer as proposed in Ref. 15. A higher measurement speed could lead to

an improved reconstruction quality, as it helps minimize effects of sample drift and fluorophore

bleaching, which both alter the object during the measurement process.
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