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ABSTRACT: A super-resolution Raman scattering microscopy technique is
demonstrated by combining localized surface plasmon-based structured
illumination microscopy with the blindSIM algorithm. This approach enables
super-resolution Raman scattering imaging of dielectric nanoparticles with sub-
100 nm resolution. The technique leverages the surface-enhanced Raman
scattering effect of rough silver films to generate near-field speckle patterns,
enabling subdiffraction-limited optical sampling and enhanced Raman signals.
The method demonstrates the excitation/emission modulation between
emitters separated by subdiffraction distances. Experimental results reveal
that background subtraction for Raman images from polystyrene beads
generates image contrasts predominantly consisting of Raman-shifted photons. The enhanced signal-to-noise ratio obtained from 80
nm polystyrene beads proves sufficient for applying the blindSIM algorithm. The result presents a remarkable resolution
enhancement, surpassing the diffraction limit by 4.4 times and successfully resolving 80 nm dielectric nanoparticles. This approach
represents a significant advancement in label-free super-resolution imaging, offering potential applications in various fields of
microscopy and materials science.
KEYWORDS: label-free imaging, Raman scattering microscopy, super-resolution imaging, structured illumination microscopy,
localized surface plasmon

Label-free imaging has emerged as a crucial technique in
the field of optical microscopy, offering valuable insights

into biological specimens and novel materials without the need
for fluorescent labeling.1,2 This approach leverages the intrinsic
properties of light, such as phase,3 polarization,4 nonlinearity,5

inelastic scattering,6,7 and infrared absorption,8,9 to provide
both qualitative and quantitative analysis of samples in their
native state. Among the various label-free imaging techniques,
Raman microscopy has made significant strides in achieving
superior chemical imaging.10−14 By leveraging the inelastic
scattering of light, Raman microscopy enables the visualization
of molecular vibrations, offering a wealth of chemical
information about the sample. The field has seen significant
advances through techniques such as stimulated Raman
scattering and coherent anti-Stokes Raman scattering, which
substantially enhance sensitivity and image contrast compared
to the traditional spontaneous Raman scattering micros-
copy.15−20

Inspired by advancements in super-resolution fluorescence
microscopy, researchers have applied similar principles to
Raman imaging to achieve a better resolution in Raman
scattering images. One such approach is the adaptation of
structured illumination microscopy (SIM) techniques.21,22

SIM is based on exciting specimens using spatially structured
patterns of light. The fundamental principle involves mixing

the spatial frequency of the object and illumination pattern to
make unresolvable information observable. Regular SIM uses
known illumination structures, with gratings, and has been
shown to double the resolution of spontaneous Raman
scattering microscopy.23,24 Meanwhile, for cases where the
illumination pattern is unknown, the blindSIM algorithm has
demonstrated the super-resolution reconstruction in optical
imaging.25,26 In the far-field regime, both SIM and blindSIM
typically achieve a 2-fold resolution enhancement, which is the
theoretical limit for linear SIM due to the diffraction limit. To
further push the boundaries of resolution enhancement in
linear response systems, researchers have turned to deep
subwavelength structured illumination with plasmonic and
metamaterial nanostructures. Techniques such as localized
surface plasmon (LSP) based SIM and hyperbolic metamate-
rial based SIM have demonstrated significant improvements in
fluorescence imaging and scattering imaging in resolution
beyond the 2-fold limit of conventional SIM.27−32
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In this study, we combine an LSP-based SIM scheme with
the blindSIM algorithm to showcase resolution enhancement
in Raman scattering imaging. This approach not only benefits
from the super-resolution capabilities of LSP-based SIM but
also harnesses the surface-enhanced Raman scattering (SERS)
effect to amplify the intensity of Raman signals.33,34

Spontaneous Raman scattering and SERS is considered an
incoherent process because the scattered photons from
individual molecules within a sample have no fixed phase
relationship with each other, making it well-suited for
blindSIM algorithm.35,36 While similar approaches have been
explored in previous studies,24,37−40 there has been a notable
gap in demonstrating reconstructed images of neighboring
separate nanoparticles less than 100 nm apart. Our research
addresses this limitation by utilizing the localized near-fields of
a rough silver surface to generate super-resolution images of
neighboring dielectric nanoparticles.
Plasmonic metallic films exploit the interaction between an

incident light and local electron oscillations, allowing them to
convey spatial frequency components of light beyond those
supported in free space.41 As shown in Figure 1a, the near-field

speckles produced by the interaction between incident light
and the nanoscale roughness of silver films exhibit enhanced
local field intensities and spatial confinement compared to far-
field speckles, making them valuable for imaging applications.
The distribution of high-resolution speckle patterns can be
modulated by varying the incident angles and directions. While
speckle patterns formed by the diffraction-limited far-field light
have a maximum wavevector of k0 (k0 = 2π/λ in free space) as
shown in Figure 1b, they can transform into near-field speckle
patterns via scattering from the random roughened silver
nanostructures, which supports higher-k modes. These higher-
k modes help shift the object’s high spatial frequency
information into the observable k-space, overcoming the
conventional SIM resolution limit of 2-fold improvement.
Figure 1c demonstrates exemplary speckle patterns which are
generated with higher wavevectors than k0 at a wavelength of
488 nm.
To demonstrate near-field speckle generation on the rough

silver film, we examine the morphology of a rough silver film
and perform finite element method calculations using
COMSOL Multiphysics, as illustrated in Figure 2 (details in
the Supporting Information). Figure 2a displays the atomic

force microscopy image of a rough silver film, revealing a
maximum height variation of approximately 15 nm. The
observed surface roughness and grains correspond to the
typical size of LSP modes on silver nanoparticles, which is
crucial for generating near-field speckles. The localized near-
fields of LSP modes in silver surface typically occur in the 5−
60 nm range, aligning with the film’s surface features.42 In our
simulation, far-field speckle patterns are used to illuminate the
rough silver film surface, efficiently inducing near-field
speckles.28 By simulating the illumination of far-field speckle
patterns on the rough silver surface, the model captures the
excitation of LSP and the generation of near-field speckles. The
incident polarization is defined as TM-polarized (transverse
magnetic). The model obtains multiple electric field
distributions under varying illumination conditions, specifically
different polar (θ) and azimuthal (φ) angles. The far-field
speckles can be generated by the superposition of electric fields
having random phase variables ψi at different φi and θi,
described as

E x y z A E x y z i( , , ) ( , , )exp( )speckle
i

N

i i
1

,i i
=

= (1)

N is the total number of plane waves used in the superposition.
E x y z( , , ),i i

is a plane wave propagating along kx, ky, and kz
with given θ and φ. Ai is the amplitude of each plane wave. ψi is
a random phase term uniformly distributed between 0 and 2π.
The random phase term ψi plays a vital role in enabling
dynamic variation of near-field speckles, eliminating the need
for complex illumination optics to achieve different θ and φ,
which simplifies the overall system design and implementation.
Examples of such far-field speckle patterns are shown in the
insets of Figure 2b,c. Similarly, the near-field distribution
resulting from the random far-field speckle illuminations can be
obtained in the evanescent field region of the rough silver film,
as depicted in Figure 2b,c. The lateral near-field distributions
shown in Figure 2b,c are calculated at a distance of 20 nm from
the rough silver surface.
Here, two key characteristics of the near-field speckles

contribute to the reconstruction of super-resolution Raman
scattering images: near-field enhancement and subdiffraction
limited optical sampling by localized near-fields. The
simulation shows a near-field amplification of |Emax/Ein| ∼ 5
as demonstrated by two near-field distributions in Figure 2b,c.
Figure 2d illustrates the electric field profiles of the rough silver
film from the distributions in Figure 2b,c. The rough silver
surface generates higher wavevector light components than
those in the air, supporting LSP modes and surface plasmon
polariton (SPP) modes on the surface. Such light components
enable higher spatial sampling with subdiffraction limited
excitation of Raman-active molecules. In Figure 2d, this effect
is demonstrated by the sharper near-field peaks near the rough
surface, where dashed lines represent the E-field amplitude
profiles of near-field speckles and dotted lines represent those
of far-field speckles. Near-field speckles possess a broadband
wavevector spectrum, combining diffraction-limited speckles
and plasmon-induced speckles. The presence of high spatial
frequency wavevectors from SPPs and LSPs can also be
confirmed via a two-dimensional Fourier transform of the near-
field intensity distribution, as shown in Figure S1. These high-
frequency components can shift fine spatial details of the
sample into the detectable passband, effectively enhancing the
imaging resolution. From the comparison in Figure S1c, the

Figure 1. Working principle of near-field speckle based label-free
super-resolution imaging. (a) Schematic representation of near-field
speckle generation on a rough silver surface. (b) Exemplary speckle
patterns (E-field) produced by diffraction-limited far-field light. (c)
Exemplary speckle patterns (E-field) generated by localized near-
fields. The scale bar is 500 nm.
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plasmonic effects from the rough silver film are expected to
boost the resolution compared to conventional diffraction-
limited techniques. In addition, rough silver films further
improve the image contrast through enhanced light emission
near the rough surface, attributed to both increased local
density of optical states and mirror effects.43 Those
phenomena collectively amplify the Raman emission from
the molecules near the surface, improving the contrast and
sensitivity of the Raman imaging.
For successful super-resolution image reconstruction using

the blindSIM algorithm, emitters separated by subdiffraction
distances must exhibit sufficient excitation/emission contrast
to preserve detailed real-space information. Figure 2e
investigates the fluctuation of localized near-fields |E| at two
points separated by 50 nm, denoted by blue and green crosses
in Figure 2b. The ratio between the two points can differ by up
to 40%, providing sufficient image contrasts for the Raman-
shifted photon emission for blindSIM image reconstruction.
Figure 2f illustrates the near-field distribution in xz space.
Figure S2 also shows the field enhancement profile at the green
cross point along the z direction. The field enhancement
directly on the surface is calculated to be 5.9, while at distances
above 200 nm, beyond the evanescent wave region, the field
enhancement becomes negligible at unity.
To experimentally demonstrate the amplified Raman signals

on the silver film, we test the wide-field Raman imaging of
polystyrene beads on a randomly roughened silver substrate
(details in the Supporting Information). A 100 nm thick silver
film is used, sufficiently thick to block background fluorescence

from the glass substrate. Initially, an aqueous suspension of 200
nm polystyrene beads is dropped-cast onto the rough silver
film surface and air-dried. The beads are observed on the silver
film using a 100× objective lens with NA = 0.9 and a 2.5×
magnifier. A single 200 nm bead is confirmed through dark-
field imaging, as shown in Figure 3a, with an EMCCD camera
(pixel size is 64 nm). A continuous-wave 488 nm laser is used
for illumination, coupled with a mechanically vibrating
multimode fiber which generates far-field speckle patterns.
By correlating the positions of two wide-field images from the
EMCCD camera and the spectrometer camera (pixel size is
175 nm), we obtain the Raman spectrum of a 200 nm
polystyrene bead, as shown in Figure 3b. The major Raman
peaks observed for polystyrene include C−O stretching modes
(1026 cm−1), aromatic C = C stretching vibrations (1450
cm−1), CH2 asymmetric and symmetric stretching vibrations
(2800−2950 cm−1), and aromatic C−H symmetric stretching
vibrations (3000−3100 cm−1).44 Ten frames are averaged to
produce each Stokes-shifted image in Figure 3c,d.
In Figure 3b, the fluorescent background is removed using

polynomial background subtraction.45 Raman scattering
images of polystyrene, shown in Figure 3c, primarily capture
the vibrational modes from CH2 asymmetric and symmetric
stretching and aromatic C−H symmetric stretching using a
bandpass filter centered at 575 nm with a 25 nm bandwidth.
Background subtraction is also applied to the Raman scattering
image in Figure 3c. The ratio between Raman-shifted photons
and background photons (IRaman/IBG) is calculated in both the
spectral and spatial domains. In the spectral domain, IRaman/IBG

Figure 2. Characterization of near-field speckle generation. (a) An atomic force microscopy image of a rough silver film. (b, c) Examples of near-
field speckle generation under different far-field incident illumination sequences. The comparison between near-field (ENF) and far-field (EFF)
electric fields illustrates the amplification. The insets show the corresponding far-field speckles used to illuminate the silver film. (d) Electric field
profiles of different near-filed speckles in (b) (blue) and (c) (red). Dashed lines represent the profiles of near-field speckles while dotted lines
represent those of far-field speckles. (e) The field variations during the illumination sequence at two different positions marked by green and blue
crosses in (b, c). The near-field speckles in (b, c) correspond to the third and tenth illuminations, respectively. (f) Side views of the near-field
speckles in (b, c). The scale bars are 100 nm.
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is determined to be 0.13, where the spectral intensity of a
single bead is integrated from 562.5 to 587.5 nm (observation
area = 525 × 700 nm2). From the wide-field image, IRaman/IBG
is calculated to be 13.42, where IRaman is chosen from the peak
intensity pixel in Figure 3c. The values obtained from both
domains indicate that the silver surface is the primary source of
background signal, influencing the signal-to-background ratio.
To verify that background fluorescence does not contribute to
the image obtained with the bandpass filter in Figure 3c, an off-
Raman scattering image is acquired, as shown in Figure 3d.
This image is captured using a different bandpass filter
centered at 625 nm with a 26 nm bandwidth. The off-Raman
scattering image reveals that only negligible scattering of
fluorescence lights from the silver surface by the polystyrene
bead is observed. This result confirms that the Raman
scattering image in Figure 3c, after background subtraction,
predominantly consists of Raman-shifted photons.
In Figure 3c, the signal-to-noise ratio (SNR) of the wide-

field Raman scattering image of the 200 nm polystyrene bead is
measured to be 27. When the bead is illuminated by the near-
field speckle, as detailed in Figure S3, two distinct volume
regions with different light intensities can be identified: one
where the evanescent field dominates, and another where the
far-field speckle is predominant. Assuming an evanescent field
depth of 20 nm into the dielectric nanoparticle, with an
average field intensity enhancement of 12, the total electric
energy within the 200 nm diameter polystyrene bead’s volume
can be obtained as T200 = 0.5 × ∫ ϵ|E|2dV ∝ Iinc × 5.5 × 106 J.

This calculation considers both the evanescent and far-field
contributions to the overall field intensity. Considering the
particle volume and the near-field illumination volume, we can
estimate the SNR for smaller nanoparticles. For instance, for an
80 nm polystyrene bead, the total electric energy within its
volume can be obtained as T80 = 0.5 × ∫ ϵ|E|2dV ∝ Iinc × 7.3 ×
105 J. Assuming the background fluorescence (primarily from
the silver surface) remains constant, the expected SNR for the
80 nm polystyrene bead would be approximately 3.6,
calculated as T80/T200×27. This SNR will be sufficient for
applying the blindSIM algorithm to produce super-resolution
Raman scattering images.29 Figure S4 demonstrates the case of
super-resolution image reconstruction of 200 nm beads using a
bandpass filter centered at 575 nm, which surpasses the
theoretical optical resolution of the system (575 nm/(2 × 0.9)
=319 nm) by 1.6 times.
Here, we apply the same image acquisition and reconstruc-

tion method to the Raman scattering imaging of the
polystyrene beads having a diameter of 80 nm. As denoted,
the continuous-wave laser light at 488 nm is illuminated with
mechanically vibrating multimode fiber, which generates the
far-field speckle pattern. The exposure time is set to be 1 s,
with 3 accumulations. As in the case of 200 nm polystyrene
beads, CH2 asymmetric and symmetric stretching vibrations
and aromatic C−H symmetric stretching vibrations are
observed using the same band-pass filter. Prior to scanning
electron microscopy (SEM) imaging (which requires addi-
tional metallic coating), the bead aggregation is excited by

Figure 3. SERS images of 200 nm polystyrene beads on rough silver films. (a) A dark-field image of a single polystyrene 200 nm bead. (b) A SERS
spectrum from the same bead which is shown in (a). (c) A wide-field SERS image using an optical filter centered at 575 nm with a 25 nm
bandwidth which captures the Raman-shifted photons from the vibrational modes from CH2 asymmetric and symmetric stretching vibrations and
aromatic C−H symmetric stretching vibrations, as highlighted in the yellow box in (b). (d) A wide-field image using an optical filter at 625 nm with
a 26 nm bandwidth which captures only the non-Raman-shifted photons, as highlighted in the red box in (b). The same polystyrene bead is
observed in all the images. The scale bar is 1 μm.
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random near-field speckle illuminations. A series of 13 frames
(total acquisition time: 39 s) with high SNR are used as
subframes for blindSIM image reconstruction, as described in
Figure 4a. The image SNR of the aggregated 80 nm beads in
subframes is measured to be 9.03 ± 2.15. Through iterative
deconvolution, the blindSIM algorithm effectively processes
low-SNR images. Figure 4b shows examples of removing
background fluorescence in the Raman-shifted subframe
images by the deconvolution process for each frame. The
background fluorescence is clearly removed, which as a result
generates the improved SNR of 19.46 ± 3.62. Figure 4c shows
the integration of raw diffraction-limited Raman-shifted images
at the center wavelength of 575 nm, while Figure 4d presents
the super-resolution reconstruction. In contrast to the blurred
diffraction-limited image, the reconstruction clearly resolves
three individual beads, which is in good agreement with the
SEM image in Figure 4e which is taken after the optical
measurement. To validate the resolution attained, we also
employ Fourier ring correlation (FRC) analysis, a widely
recognized resolution criterion in super-resolution micros-
copy.46 Applying the standard 1/7 FRC resolution criterion to
two reconstruction images, we demonstrate an achieved
resolution of 72 nm as shown in Figure 4f. This result
represents a remarkable enhancement in spatial resolution,
surpassing the diffraction limit by more than 4.4 folds. Figure
S5 shows an additional case of super-resolution reconstruction
for 80 nm beads having different separation distances. Notably,
while two beads are in contact, the third is separated by 122
and 118 nm from the others, respectively, which is consistent
with the SEM results. These reconstruction results confirm the

capability of our method to resolve subdiffraction features in
Raman imaging with high fidelity.
In conclusion, we have successfully demonstrated sub-100

nm resolution in label-free SERS-based near-field speckle
imaging, beyond the diffraction limit. This achievement
represents the first demonstration of resolving neighboring
dielectric nanoparticles separated by 80 nm for Raman
scattering microscopy. Our approach utilizes a simple scheme
with rough silver films as a plasmonic substrate, proving the
concept’s viability and potential for further development.
While LSP modes are primarily governed by the local metal-
dielectric geometry, controlling individual LSPs becomes
increasingly difficult when adjacent geometries are in close
proximity due to plasmonic coupling. Thus, simply reducing
the surface random roughness does not guarantee improved
resolution, which is a limitation of LSP-based SIM. Several
avenues for optimization and improvement exist. Achieving
more uniform and stronger near-field amplification, as well as
higher wavevector generation, could further improve both
sensitivity and resolution.28,47 Addressing potential thermal
issues by incorporating heat sink mechanisms could also
improve the stability and reliability of the imaging process.48

Furthermore, implementing advanced reconstruction techni-
ques has the potential to significantly enhance both
reconstruction speed and resolution.49 By pursuing these
optimizations, we can further refine and expand the capabilities
of this label-free super-resolution imaging technique.

Figure 4. Super-resolved SERS images of 80 nm polystyrene beads on rough silver films. (a) Examples of raw Raman scattering images of
aggregated 80 nm polystyrene beads obtained by near-field speckle illumination. (b) Deconvolved Raman scattering images in (a). (c) Integration
of the raw Raman scattering images of aggregated 80 nm polystyrene beads by near-field speckle illumination. (d) Super-resolution reconstruction
of Raman scattering image of 80 nm polystyrene beads. (e) SEM image of the same 80 nm polystyrene beads observed in (d). (f) The Fourier ring
correlation analysis of reconstructed Raman scattering image. The standard 1/7 FRC resolution criterion is used where a 72 nm Fourier space
cutoff is shown. Scale bars in (a, b), (c), and (d, e) are 500, 200, and 100 nm, respectively.
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