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Abstract: The resolution of an optical microscope is determined by the overall point spread function of
the system. When examining structures significantly smaller than the wavelength of light, the contribu-
tion of the background or surrounding environment can profoundly affect the point spread function.
This research delves into the impact of reflective planar substrate structures on the system’s resolution.
We establish a comprehensive forward imaging model for a reflection-type confocal laser scanning
optical microscope, incorporating vector field manipulation to image densely packed nanoparticle
clusters. Both theoretical and experimental findings indicate that the substrate causes an interference
effect between the background field and the scattered field from the nanoparticles, markedly enhancing
the overall spatial resolution. The integration of vector field manipulation with an interferometric
scattering approach results in superior spatial resolution for imaging isolated particles and densely
distributed nanoscale particle clusters even with deep subwavelength gaps as small as 20 nm between
them. However, the method still struggles to resolve nanoparticles positioned directly next to each
other without any gap, necessitating further work to enhance the resolving ability. This may involve
techniques like deconvolution or machine learning-based post-processing methods.

Keywords: optical microscope; far-field super-resolution microscopy; label-free microscopy;
interferometric scattering microscopy; reflection-type confocal laser scanning microscopy; vector
field manipulation; vector diffraction focusing; point spread engineering; computational microscopic
imaging; nanoparticle cluster detection

1. Introduction

The point spread function (PSF) is pivotal in optical imaging, acting as the depiction
of a point source within a microscopy system. It plays a critical role not only in image
formation but also in the subsequent image processing and in the determination of the
system’s resolution limit [1]. The PSF is essential for reconstructing the image of micro-
and nano-objects in linear and shift-invariant systems [2], such as far-field point-scanning
microscopy. It also enables the extraction of an object’s structure from the captured image
through deconvolution techniques [3,4]. Moreover, the PSF’s full width at half maximum
(FWHM) serves as a measurable quantity for the spatial resolution. As a result, PSF
engineering has emerged as a preferred method for enhancing imaging qualities [5,6].
This involves the integration of various specialized optical components [7-14] into the
system, especially in the far-field domain of the sample space, to facilitate the control of
waveform characteristics like polarization, amplitude, phase, and quantum aspects such as
spin angular momentum (SAM) and orbital angular momentum (OAM).

There is evidence suggesting that modifying the near-field structure around a sample
can change a microscope’s resolution. An example of this is using a photonic crystal to
transform the evanescent waves produced by the object into modes that can propagate [15].
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Replacing the microscope slide with a mirror to create local light field interference can
also enhance the compression of the PSF in a confocal system [16]. Using a suitable cover
glass can induce total internal reflection on the incident light’s side, ensuring that only
the sample positioned within a subwavelength distance gets excited [17]. The improved
resolution of microscopy methods mentioned relies on a distinct near-field background
structure, primarily hinging on near-field interactions or local interference effects in the
object space. Here, the background field is carefully managed to prevent it from impacting
the imaging quality. Beyond this, another common strategy involves using the reflection
or transmission of the background field from the substrate to interfere with the signal
field emitted by the excited nanostructures. This approach allows for the detection of
nanoparticles smaller than the resolution limit under coherent illumination microscopy,
despite being subject to the Abbe diffraction limit. This technique is generally known as
interferometric scattering microscopy (iSCAT) [18,19].

In most practical microscopy systems, the reflection or transmission of the background
from a planar structure should not be overlooked, except in cases involving fluorescence-
labeled measurements or nonlinear optical effects. These exceptions allow the signal field
to be differentiated from the background field due to its unique spectral characteristics [20].
Alternatively, one can design a specialized illumination and imaging system that separates
the signal light field from the background within a specific spatial area, similar to the ap-
proach used in dark-field microscopy [21]. Direct measurement in optical microscopy offers
significant advantages, as it avoids chemical contamination from fluorescence labeling and
eliminates strict requirements on material selection and excitation conditions. However,
strategies to differentiate the signal field from the background field in the spatial domain
typically result in a trade-off, often sacrificing spatial resolution.

This research aims to explore how a reflective substrate affects the resolution of a
coherent illumination far-field super-resolution optical microscopy system. The focus
is on sub-resolution nanoparticles, which are smaller than the effective excitation light
spot. These nanoparticles can be considered dipole particles in accordance with Mie the-
ory [22,23]. The forward theoretical imaging model will address the intricate interactions
between the excitation light field, nanoparticles, and substrate within the sample space,
alongside light field manipulation during both far-field illumination and detection pro-
cesses. A comprehensive explanation of the system and a complete forward imaging model,
incorporating far-field PSF engineering and near-field light-matter interaction, will be elab-
orated for imaging point-shaped nanoparticle samples. Numerical analysis, rooted in the
comprehensive full-path vector imaging theory, will be performed to examine the imaging
outcomes for single-dipole nanoparticles at varying depths in the excitation light field
and against different planar substrate materials. This research aims to provide profound
insights into the principles of iSCAT label-free super-resolution imaging, thereby offering
valuable guidance for future experimental inquiries in this domain.

2. Super-Resolution Microscopy System

Confocal laser scanning microscopy (CLSM) stands as a pivotal instrument in mi-
croscopic research, offering significantly enhanced resolution compared to wide-field mi-
croscopy [24]. The far-field super-resolution optical microscopy investigated in this study,
depicted in Figure 1, is an inverted configuration of CLSM. To exceed the Abbe diffraction
limit inherent in confocal microscopy, radially polarized (RP) light, coupled with wavefront
shaping, is introduced into the illumination system. This approach, when focused through
a high numerical aperture (NA) objective, enables the generation of a deep subwavelength
excitation light spot, accompanied by an extensive depth of focus [7,9,14,25,26]. In or-
der to enhance the axial resolution [16,27], a reflective substrate is proposed to replace a
transparent substrate in the super-resolution system. The local interference effect created
by the interplay between the incident-focusing light field and the reflected beam plays a
critical role in altering the characteristics of the effective excitation light. This modification
results from the backward propagating field emanating from the sample, due to complex
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light-matter interactions, which is captured by the same objective lens used for illumination.
The light entering the inverted detection system is then subjected to Light Field Modulation
(LFM) via optical components located in the path of the illumination light, between the
beam splitter and the objective lens. These LFM components, such as the polarization
converter (PC) and the wavefront shaping mask, adjust the characteristics of the detection
light field. After modulation, this light is focused onto the image focal plane, having been
reflected by the beam splitter. This process of LFM applied to the detecting light fields
contributes to achieving a resolution in the detection system that surpasses the traditional
diffraction limit [8,28].

Object Space Substrate

LP Beam Splitter PC Mask .

Lens2  Focal glane

A

Interference
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Figure 1. Schematic diagram of a reflective substrate-enhanced super-resolution optical microscopy
system. A laser source is employed and located at the front focal plane of Lens 1. The light emitted
by the laser is collected by Lens 1 and then refracted into the direction of the optical axis. To obtain a
pure linearly polarized light field for the subsequent LFM, a linear polarizer (LP) is inserted prior
to the beam splitter. Lens 2 is an objective lens with a high magnification factor and high NA for
tightly focusing the manipulated illumination light beam and collecting the responding field from
the sample with a light ray angle as large as possible for higher resolution. Lens 3 is positioned away
from the image pinhole with a focal length so that it allows the focused field to enter into the pinhole.

3. Computational Imaging Theory

To theoretically characterize the far-field illumination and detection processes, both
vector LFM and vector diffraction theory are incorporated into the derivation of the PSF.
The PSF for the illumination system illustrates how a point laser source affects the focal
plane. The emitted light from this point source undergoes vector LEM, leading to a focused
excitation light spot that surpasses the diffraction limit. Nanoparticles within the field of
view emit a scattered field, which is then captured by the same objective lens used in the
inverted imaging optical system setup. The reflective substrate beneath the nanoparticles
reflects both the nanoparticles’ scattering field and the excitation light field that has passed
through the nanoparticles. This reflected light field re-excites the nanoparticles, regardless
of whether its origin is the nanoparticles’ scattering or the initial illumination field. This
intricate cycle of light-matter interactions, involving both the excitation of nanoparticles
and reflection from the substrate, repeats multiple times in theory, contributing to the com-
plex dynamics observed in the system [29]. The local induced field within and surrounding
nanoparticles, whose sizes are smaller than or comparable to the wavelength of the incident
radiation, can be calculated using various methods, including the finite-difference time-
domain (FDTD) method [30], the discrete-dipole approximation (DAA) approach [31-34],
the Lippmann-Schwinger equation [35,36], and the Mie theory [37,38]. To streamline the
explanation of the imaging theory for this microscopy system, one can initially derive
the detection point spread function (PSF), which represents the response image field of a
dipole source positioned at the focus of the objective lens. Subsequently, the imaging of



Photonics 2024, 11, 409

4of 16

any excited nanoparticle(s), which can either be approximated as a single dipole source or
broken down into multiple dipole sources, can be achieved through the superposition of the
image field from each dipole. This is conducted using the image reconstruction methods
specific to CLSM [22,39]. The theory underpinning forward computational imaging for
reflective substrate-assisted optical microscopy encompasses several key steps: deriving the
effective excitation field; calculating the induced dipole(s) on the nanoparticle(s); deriving
the detection PSF influenced by the substrate; and ultimately, expressing the image field
resulting from the reflected incident excitation field.

In a typical setup where a sample is in free space, the excitation field is often regarded
as the tightly focused field produced by the objective lens. This condition is generally
achieved by preparing the target object sample with a matched cover slip, object slide, and
immersion liquid to optimize imaging. However, in the context of the sample investigated
in this work, it is crucial to consider not only the incident-focusing field but also the
reflected illumination field [18,29,40]. Thus, it can be expressed as

Eexc () = Ef(r) + Ef7(r). (1)

Here, r denotes the position vector in object space around the focal plane, and
the Cartesian coordinate system’s origin point is positioned at the intersection point
of the optical axis and the focal plane. Eg(r) and E;ef (r), respectively, represent the
incident-focusing vector light field and the reflected ones. Therefore, by modifying the
reflection properties of the substrate, the characteristics of the effective excitation light
field can be significantly changed. The volumetric focused vector light field of a radi-
ally polarized illumination light beam, when subjected to various wavefront shaping meth-
ods [9,26,41-44], is typically represented in integral form over spatial coordinates [44]. The
integral operation often leads to cumbersome and inefficient computations. To enhance
both calculation efficiency and flexibility, it is recommended to express the focusing field in
terms of its Fourier transform, incorporating a further transformation process between real
space and k-space [45]. In this study, the frequency spectrum expression for the focusing
field within the microscopy system is utilized. Section S1 of the Supplementary Materials
offers a comprehensive mathematical breakdown of the vector Light Field Modulation
(LFM), diffraction focusing, and reflection behavior, along with the associated derivations
and the final formulation of the effective excitation field.

If the induced dipole(s) on the nanoparticle(s)’ local position r; is assumed to have
the susceptibility of 4, then under the linear excitation mode, the corresponding dipole
moment P is proportional to the substrate-assisted effective excitation field, written as ¢ is
the vacuum permittivity constant.

P(rd) = €04 - Eexc (rd) 2)

Then, combining the Dyadic Green function (DGF) tensor gdet(r’ ) of the far-field
detection imaging system that is assumed to satisfy the linear and shift-invariant principle,
the single-shot image field of any induced dipole moment on the nanoparticle(s) can be
expressed as

. <
ER'(X) = pow® Gaer(r' — My 7,7/ L — M7 ;70) - P(ra) 3)

where 7 represents the position vector on the confocal image plane; y denotes the per-

meability of vacuum; w = 27t¢/ A is the angular frequency of the light wave; (r), 7, ) and

(7,7 L), respectively, denote the position vector in object space and image space in the

transverse plane and the longitudinal plane; and M, , and M , respectively, stand for the

magnification times of the inverted microscopy system in lateral and longitudinal directions.
<~

The detection Green function tensor G4t is @ 3 x 3 tensor, the first to third columns in this
tensor denote, respectively, the response image field of the induced dipoles oriented along
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the x-, y-, and z-axes. Unlike detecting point sources in free space, the far-field radiation
detected from a dipole located above a reflective substrate combines its own radiation field
in the upper half-space and the reflections of its radiation field in the lower half-space by
the substrate. The detailed step-by-step derivation process of the substrate-assisted DGF
tensor is presented in Section S2 of the Supplementary Materials. The expression for DGF

Zdet for a vector dipole above a reflective substrate is derived to have a similar form as that
for a free-space dipole as presented in our previous published paper [46]. In this study, the
impact of a reflective substrate is taken into account. Consequently, the characteristics of
the substrate also modify the dipole’s response field on the image focal plane.

The total image field on the confocal image plane for a single shot can be expressed
as the coherent superposition of the image field of the induced dipole(s) and that of the
reflected focal spot (FS).

Tor(r') = EB'(r') + Efe(v). (4)

Since the same detection system images both the scattering field and the reflected
background field, deriving the reflected image field of the focal field is similar to that of the
dipole radiation field, with the only change being the substitution of the dipole’s radiation
field with the reflected focal field. A detailed explanation is available in Section S3 of
the Supplementary Materials. Notably, the image field for the reflected background field
contains only polarization components along the x-axis.

Finally, the image field detected via the pinhole for any scanning position r; in the
sample can be denoted as _

Eim(r;) = Eqn, (Y )T (7). (5)
where T stands for the transmission function of the pinhole. Therefore, combining
Equations (1)—(5), the reconstructed image field in this CLSM can be written as

Ein(ri) = EZ5(r)Ty(r') +X5a - Ge(rs). (6)

where G¢(r;) denotes the total Dynamic Green function, the reconstructed image field
for a vector dipole scanning through the excitation field, which can be calculated by the
following formula:

Gt(ri) = EexC<ri) : Edet(r/ - Mri) : TP (1‘/) (7)

Based on the theoretical framework and detailed expressions for the far-field PSF
engineering, as well as the near-field substrate-manipulated excitation light field and
detection DGF tensor, a comprehensive forward imaging theory model is established. This
model uses the approximation of dipoles for the nanoparticles. When considering the
illumination from a point laser source, the derived excitation field on the nanoparticles can
be treated as the excitation PSF.

4. Numerical Analysis on Vectorial PSF
4.1. Excitation PSF

To enhance the resolution within the visible light spectrum for this microscopy system,
achieving higher resolution involves setting the working wavelength of the point laser
source to the shortest possible value and the numerical aperture (NA) of the objective lens
to the highest feasible level. In this study, a 405 nm working wavelength is used, along
with an oil-immersed objective lens featuring an NA of 1.4. To ensure the system operates
in far-field mode, the objective lens serves both focusing and detecting purposes, boasting
a long working distance of 137 um—significantly greater than the working wavelength. An
annular aperture acts as the wavefront shaping mask, blocking the paraxial portion of the
RP light from reaching the object space. Thus, only the remaining off-axis RP light beam
with a large focusing angle is permitted to illuminate the sample. In the transverse plane
before the objective lens, the inner boundary of the RP light field, shaped by the annular
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aperture mask, is positioned at a distance from the optical axis equivalent to 0.85 of the
aperture radius of the objective lens.

The simulated results for the excitation PSF under these conditions are shown in
Figure 2a—c, illustrating scenarios in a homogeneous space and with a silicon (Si)/silver
(Ag) substrate at the focal plane, respectively. It is observed that the effective excitation
field above a substrate along the z-axis significantly diverges from that in a homogeneous
isotropic medium. The depth of focus is approximately 8.3 times the size of the lateral
focal spot in free space, as depicted in Figure 2a. Introducing a reflective substrate at the
focal plane dramatically changes the longitudinal light field distribution, due to the local
interference effect. This creates a series of hot spots along the optical axis, as shown in
Figure 2b,c. The axial light field contrast (saddle-to-peak ratio) is substantially higher when
on a Ag substrate compared to a Si substrate.

€ 0 0g—=|
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0 05 1 _ 0 05 1 . 0 2 4
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Figure 2. The field intensity distribution along the XZ-plane, as well as the corresponding profile
along the focal plane (right-side sub-image) and along the optical axis (below sub-image), while
focusing (a) in homogeneous oil space, (b) with a silicon substrate, and (c) with a Ag substrate below
the focal plane (z = 0). The intensity for the free-space excitation field is normalized to 1. The
excitation field intensities for that with a Si and Ag substrate are represented as relative intensity to

that in free space.

4.2. Detection PSF

Based on the mathematical formulation of the DGF tensor, the responsive light field
on the confocal image plane for arbitrarily oriented dipoles comprises only the transverse
x-polarized and y-polarized light field components, excluding the axial polarized light field
component. The PSF for dipoles with unit amplitudes along the x-, y-, and z-axes, respec-
tively, denoted as PSFy, PSF,, and PSF;. Each one is the superposition of the all-transverse
components. Figure 3 illustrates the numerically calculated PSFs for dipoles positioned
above the substrate with gaps of 80 nm and 200 nm to compare the response image patterns
of dipoles at different depths across three distinct planar substrate conditions. The PSF
patterns for the x- and y-oriented dipoles, regardless of depth positions and substrate types,
all display two bright spots symmetrically positioned around their respective symmetry
axes, separated by a dark center. Additionally, the patterns for x- and y-oriented dipoles can
be interchanged by rotating them by 90 degrees. In contrast, the PSF patterns for z-oriented
dipoles above various substrates exhibit rotational symmetry with a central bright spot.
The PSF pattern characteristics of differently oriented dipoles with substrates are akin to
those of vector dipoles in a homogenous space, as observed under this super-resolution
microscopy technique [46].
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Figure 3. The PSFs for x/y/z-dipoles in homogeneous space and with a Si or Ag substrate appeared
at the focal plane. The responding images resulting from dipoles located at 80 nm and 200 nm away
from the focal plane are compared. The PSF intensity for the free-space lateral dipole is normalized
to 1. The intensity of all PSFs in other situations is represented as relative intensity to that of the PSF
for the free-space lateral dipole.

The PSF intensity patterns for dipoles oriented differently are all altered by the planar
substrate compared to in a homogeneous space. For a dipole 80 nm above the focal plane,
the PSF intensities for transverse dipoles (x and y orientations) are increased with both Si
and Ag substrates, while the intensity for the longitudinal (z-oriented) dipole decreases,
especially with the Ag substrate exhibiting a more significant effect. Conversely, for a
dipole 200 nm above the substrate, the variations in PSF intensity for transverse dipoles
with Si and Ag substrates are similar, but the changes in PSF intensity for the z-dipole are
markedly different. Specifically, the PSF intensity for a z-dipole remains almost unchanged
on the Si substrate, whereas it experiences nearly a threefold increase on the Ag substrate.

The numerical simulations and their analysis clearly show that under this super-
resolution microscopy system, the pattern distribution of the PSF for a z-dipole remains
largely consistent, unaffected by the substrate’s properties. Conversely, the pattern distri-
bution of the PSF for lateral (x- and y-oriented) dipoles rotates according to the dipole’s
orientation. Moreover, the PSF intensity for dipoles of almost any orientation is influenced
to some extent by the planar substrate’s characteristics and varies with the dipole’s depth.
Thus, analyzing the PSF in terms of both pattern and intensity reveals that the resultant
image will be impacted by the dipole source’s nonlocal background environment.

Figure 4 illustrates how the PSFs change with the depth of the dipole in different
backgrounds. The first three rows show the cases without a substrate, with a Si substrate,
and with a Ag substrate. The profiles of the PSFs for x-, y-, and z-dipoles along the
y'-axis in image space as the dipole’s depth varies in the excitation field are presented in
Figure 4(al-a3) for no substrate, bl-b3 for a Si substrate, and d1-d3 for a Ag substrate. The
peak intensity profiles for PSFy, PSF,, and PSF; are represented by red/green/blue curves
in Figure 4(a4,b4,c4) for the three background scenarios.
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Figure 4. The PSF profile on the image plane varies with the dipole’s depth position z4, for x-, y-,
and z- oriented dipoles (from the first column to the third column) and three different backgrounds:
no substrate (first row), Si substrate (second row), and Ag substrate (third row). The fourth column
indicates how the PSF peak intensity varies with the dipole’s depth position. (al-a3): the PSF profile
vary with dipole’s depth position for x-/y-/z- oriented dipoles in free space, (a4): the profile along the
red/green/blue dotted line labeled in image (al-a3); (b1-b3): the PSF profile vary with dipole’s depth
position for x-/y-/z- oriented dipoles above a Si substrate, (b4): the profile along the red/green/blue
dotted line labeled in image (b1-b3); (c1-¢3): the PSF profile vary with dipole’s depth position for
x-/y-/z- oriented dipoles above a Ag substrate, (c4): the profile along the red/green/blue dotted line
labeled in image (c1-¢3).

As the depth of the dipole increases, the strength of the PSFs gradually decreases in
free space, as depicted in Figure 4(a4). The introduction of a reflective substrate at the
focal plane leads to periodic variation in PSF strength depending on the dipole’s depth
position, due to the interference between the dipole’s radiation field and its reflection, as
illustrated in Figure 4(b4,c4). The variation in PSF strength for transverse dipoles above
a silicon substrate is more pronounced than for longitudinal dipoles. In contrast, with a
Ag substrate, the variations are greater for longitudinal dipoles compared to transverse
ones. This phenomenon is attributable to the reflection characteristics of the substrate,
which are intimately linked to the polarization state of the incident light. Consequently, the
imaging capabilities of this substrate-assisted super-resolution optical microscopy system
are influenced by the optical properties of the substrate, as well as by the orientation,
amplitude, and depth of the induced dipole(s) within the focusing field.

4.3. iPSF

The iPSF is defined as the interferometric scattering image of a point source in a
substrate-assisted CLSM. The iPSF for a point source at various positions relative to the
focal plane and against different backgrounds is simulated to showcase the impact of a
reflective substrate on the imaging properties of dipole nanoparticles. The patterns and
profiles of the iPSF are presented in Figures 5 and 6, where the first to fourth columns
correspond to the imaging results for a point source in homogenous free space and above
ITO/Si/ Ag substrates, respectively. The iPSF patterns from the first to the third rows of
Figure 5 are obtained by placing the point source on the focal plane and above the focal
plane at distances of 40 nm and 80 nm, respectively. The iPSF profiles for each depth’s
point source are indicated by the color of the dotted profiles: red, green, and blue profiles
denote the iPSF on the focal plane and above the focal plane at distances of 40 nm and
80 nm, respectively.
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Figure 5. The iPSF for dipoles positioned on the focal plane (first row) and above the focal plane with
a longitudinal distance of 40 nm (second row) and 80 nm (third row) while in homogeneous free space
(first column), with an ITO (second column), Si (third column), and Ag (fourth column) substrate on
the focal plane. (al-a3): the iPSF for dipole source in free space at the depth position of 0/40/80 nm;
(b1-b3): the iPSF for dipole source above a ITO substrate at the depth position of 0/40/80 nm;
(c1-¢3): the iPSF for dipole source above a Si substrate at the depth position of 0/40/80 nm;
(d1-d3): the iPSF for dipole source above a Ag substrate at the depth position of 0/40/80 nm.
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Figure 6. The profiles for iPSFs for dipole nanoparticles (a) in the free space, (b) above an ITO
substrate, (c) above a Si substrate, and (d) above a Ag substrate. The red, green, and blue dotted lines
represent the image profiles of dipoles on the focal plane at distances of 40 nm and 80 nm from the
focal plane. The FWHM for each case is labeled in the top-right corner.

The complex linear polarizability of the point source used in the simulation along
each excitation light field direction is that of the approximated dipole of an 80 nm Au
nanoparticle, determined with the Mie theory as [22,23] & = i S—%al, where a; is the di-
mensionless dipolar Mie coefficient, which is related to the nanoparticle’s feature size,
material components, and immersion medium. The point-like model for nanoparticles,
which are significantly smaller than the wavelength of light, serves as a standard approach
to simplify the calculations of their response to the excitation light field. The expressions

for polarizability and their validity have been derived and discussed previously [23,47-49].
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In free space, the iPSF patterns for three simulated positions are normalized to that on
the focal plane. The intensity of the iPSF in other substrate environments is represented
as relative to that on the focal plane in free space. When the dipole sources are situated
in a homogeneous oil space, the size of the iPSF hot spots remains nearly constant for
three depth positions within the excitation light field, as observed in the first column
images in Figure 5(al-a3). The Full Widths at Half Maximum (FWHMSs) are consistently
evaluated at 74 nm, as shown in Figure 6a. In the presence of a reflective substrate, the
size of the central spot, peak intensity, and image contrast (defined as the ratio between
maximum and minimum intensity) are all altered, as seen from the second to fourth
column patterns in Figure 5 and profiles in Figure 6. The central spot intensity and image
contrast are either enhanced or suppressed due to the coherent superposition between the
dipole nanoparticle’s scattering field and the reflected background field. Concurrently, the
FWHMs of the central spots are either narrowed or broadened.

When destructive interference takes place at the central image spot, such as with an
ITO substrate for a dipole source positioned on the focal plane as depicted in Figure 5(b1),
or with a Ag substrate for a dipole source placed 80 nm above the substrate as shown in
Figure 5(d3), the central spot’s intensity becomes smaller than that of the sidelobes. These
sidelobes are also the result of interference effects when the sample is scanned away from
the central view of the field (VOF), which is defined by the central spot of the excitation
optical field. In these cases, the FWHM of the central image spot in Figure 5(b1) is 61 nm,
which is 17% smaller than that of the dipole image spot in free space. The spot size in
Figure 5(d3) is also slightly smaller than in free space. Conversely, when constructive
interference occurs at the central image spot, as illustrated in Figure 5(b2,b3,c1-c3,d1,d2),
the intensity of the central spot significantly exceeds that of the dipole image spot in free
space, though the central image spot experiences varying degrees of broadening.

A key advantage of incorporating a reflective substrate in coherent illumination mi-
croscopy is the enhancement of the weak scattering signal from nanoparticles by superim-
posing it on the background field via interference effects. The intensity of this background
field is contingent on the substrate’s reflective properties. Even if the intensity of the central
spot is lower than that of the sidelobes, the precise positioning of nanoparticles can still be
achieved by identifying the center of the interference rings. Furthermore, the utilization of
a reflective substrate can lead to a reduction in the size of the central spot for a point-like
nanoparticle, which in turn enhances the spatial resolution when imaging nanoparticle
clusters in areas below the diffraction limit.

5. Experiment and Analysis

To validate the theoretical model, experiments were conducted on patterns of as-
sembled Au nanoparticles placed above an ITO substrate. The essential steps in sample
preparation included cleaning the ITO-coated glass substrate, applying a PMMA coating,
using a thermal probe to write the designed nanostructure, developing the nanogroove
structure in the PMMA layer with a liquid developing process, and finally positioning the
Au nanoparticles into the crafted nanogrooves using an electric motor. These processes are
detailed in our previously published paper [46].

The experiment setup is shown in Figure 1. The illumination light is a single-mode
optical fiber laser operating at a wavelength of 405 nm. The lens used for focusing the
illumination light field and collecting the responding field from a sample is an immersion
objective (Olympus UPLXAPO, Tokyo, Japan), with a numerical aperture (NA) of 1.4, a
magnification of 100, and a focal length of 1.8 mm. A nanopositioner (P-733.3CD, Physik
Instrumente, Karlsruhe, Germany), with travel ranges of 100 pm x 100 pm x 10 pm in
X, Y, and Z and with resolution down to 0.1 nm, is used for placing the sample and for
providing the scanning process across the tightly focused illumination light field. The focal
length of the compatible tube lens is 180 mm. The polarization converter (PC) utilized to
transform the input linear polarized light beam into a radially polarized light beam is a
zero-order vortex half-wave retarder (WPV10L-405,Thorlabs, Newton, NJ, USA). The mask
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is made up of an annular aperture with an outer diameter of 4.2 mm, which matches the
full-aperture size of the objective lens. The inner light-obstructing disk is 0.85 of the full
aperture size of the objective lens. The detector is a charge-coupled device with a pixel size
of 5 pm.

The first row of images in Figure 7 displays the sample patterns as observed through
scanning electron microscopy (SEM), showing Au nanoparticles with an average size of
about 80 nm and a designed gap of 40 nm between the nanoparticles’ bottom and the upper
surface of the ITO layer. The experimental results for these samples, as captured by the
microscopy system discussed in this study, are presented in Figure 7(b1-b6), covering a
specific image range. The third and fourth rows of the graphs in Figure 7, respectively,
showcase the simulated image results for the nanoparticles with and without the influence
of the ITO substrate. The fifth row of Figure 7 provides simulation results for a conventional
CLSM setup without the vector field manipulation technique applied in the far field for the
purpose of comparison.

The experimental outcomes, as illustrated in Figure 7(b1-b6), reveal the presence of a
series of sidelobes surrounding the central image spots of the nanoparticles, aligning with
the simulated results shown in Figure 7(c1-c6). This phenomenon occurs due to the inter-
ference between the substrate’s reflection of the incident excitation field and the scattering
field from the excited nanoparticles as they are laterally scanned across the excitation field
within the scanning range. The experimental results allow for the differentiation of individ-
ual nanoparticles when they are not densely packed, as evidenced in Figure 7(b1-b3) (the
lower-right nanoparticle), and Figure 7(b5) (the top and right two nanoparticles). How-
ever, when nanoparticles are positioned in close proximity to each other, such as the two
particles arranged vertically in subgraph Figure 7(a3) and the three particles clustered in
Figure 7(a4-a6), they manifest as an unresolved spot in the experimental images.

As the cylindrosymmetric nature of the excitation light field around the optical axis
perpendicular to the sample surface, it is anticipated based on the theory that images of
symmetrical samples, like those in Figure 7(al,a2,a6), should also display good symmetry.
Consequently, observed variations in peak intensity and spot size in the experimental
images, as seen in Figure 7(b2,b6), may stem from the changing depth positions of the
nanoparticles within the excitation field. This variation could be due to potential surface
distortions in the PMMA layer incurred during the fabrication process. The sensitivity
of the peak intensity and central spot size to the depth positioning of the nanoparticles,
as evidenced by our experimental findings, underscores that optical super-resolution
microscopy can reveal additional structural details about nanoparticles, such as depth
variation, which are not discernible in SEM images. This highlights the capability of
optical super-resolution techniques to provide a more comprehensive understanding of
nanoparticle structures beyond what can be achieved with traditional imaging methods.

Removing the reflective substrate from the simulation leads to the disappearance
of the ring structures in the simulated image results, as illustrated in Figure 7(d1-d6).
This alteration also slightly decreases the resolving capability of the imaging system. For
example, nanoparticles positioned less than 40 nm apart can be distinguished in the images
with an ITO substrate, as seen in Figure 7(b2,c2). In contrast, without the reflective substrate,
these nanoparticles appear unresolved, and they cannot be identified as separate entities,
as shown in Figure 7(d2). Similarly, the nanoparticle in the lower-right corner of the sample
pattern Figure 7(a3), with a gap of around 20 nm to its left-adjacent nanoparticle, which is
clearly visible as an isolated particle in Figure 7(b3,c3), becomes less distinguishable in the
absence of the substrate-assisted interference effect, as depicted in Figure 7(d3).
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(a) SEM

(b) Exp.

(c) Sim.1

(d) Sim.2

(e) Sim.3

Figure 7. (a) SEM images for the Au nanoparticle samples. (b) The image patterns obtained by
the far-field optical super-resolution microscopy studied in this paper. The simulated image results
of the studied microscopy for nanoparticle(s) sample (c) with and (d) without the influence of the
ITO substrate. (e) The simulated image results for a common CLSM without the PSF engineering
and without the influence of the ITO substrate. The scale bars labeled with a white line in images
(al,b1,c1,d1,e1) denote 200 nm. (al-a6): the SEM images for 1 nanoparticle, 2 nanoparticles with
a gap of about 40 nm, 3 nanoparticles where the bottom right corner one is about 20 nm away
from its nearest left one, 3 nanoparticles seamlessly connected to each other, 4 nanoparticles with
symmetric and asymmetric distribution pattern existing both connected arrangement and separated
arrangement; (b1-b6): the experimental results for the samples in (al-a6) under the studied super-
resolution CLSM as shown in Figure 1; (¢1-c6): the corresponding simulation results for the samples
in (al-a6); (d1-d6): the simulation results for the nanoparticles pattern as shown in (al-a6) but with
ITO substrate’s influence removed by assuming the nanoparticles are located in a homogeneous space;
(e1-e6): the simulated results for the nanoparticles pattern in (al-a6), but assumed in homogeneous
space, under a common CLSM system degraded from the system shown in Figure 1 by removing the
light field manipulation devices, including the PC and the Mask.

If the reflective ITO substrate is removed and the PSF engineering typically employed
in far-field microscopy is not utilized, effectively reducing the system to a conventional
CLSM, the simulated imaging results are presented in Figure 7(el-e6). The PSF for this
common CLSM can be approximated as a Gaussian function with FWHM expressed as
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FWHM = Mﬁ’ determined by both the Abbe diffraction limit and confocal scheme.

The confocal scheme can provide a v/2 improvement in the resolution compared to a
non-confocal microscopy. The images from Figure 7(e2—e6) reveal that almost all the
nanoparticles in the densely distributed patterns, as illustrated in Figure 7(a2-a6), cannot
be resolved when both the PSF engineering typical of far-field systems and the reflective
substrate-assisted interference effect are absent. This underscores the essential roles that
PSF engineering and substrate-assisted interference effects play in enhancing the system’s
resolving capability, demonstrating their significance in achieving superior resolution in
optical microscopy.

The nanoparticles next to each other can only be distinguished when they are separated
by a certain distance, such as 40 nm and 20 nm in the sample shown in Figure 7(a2,a3). This
edge-to-edge distance is much smaller than the FWHM of the PSF (around 80 nm), which
was evaluated at an illumination wavelength of 405 nm via a free-space dipole at the focus.
As the size of the nanoparticles in the experimental sample is around 80 nm, the center-to-
center distance for nanoparticles with a certain gap is slightly larger than the FWHM. In
principle, two ideal point sources in a background can be distinguished from each other
if their separation distance is larger than the FWHM of the system. However, for denser
nanoparticles distribution in the samples shown in Figure 7, next to each other without a
separated gap, even their center-to-center distance is equal to or slightly larger than the
FWHM, but they cannot be distinguished from each other, due to the non-central parts of
the nanoparticles also producing imaging information that will overlay with the nonlocal
nanoparticle information. Therefore, nanoparticles with a certain feature size should be
separated by a center-to-center distance larger than the FWHM of the system PSF that is
evaluated for a free-space dipole. The final imaging results are a synthetic result of the
sample’s actual material, pattern, and background environment for the microscopy system.

6. Conclusions and Outlook

This research develops a comprehensive forward imaging theory for a coherent il-
lumination far-field CLSM system that employs a VEM approach along with a reflective
substrate-assisted interference effect to significantly improve the resolution of densely
packed nanoparticle clusters within a diffraction-limited area. The excitation PSF, detection
PSE, and iPSF across both homogeneous free space and various substrate conditions are
systematically studied. Additionally, the depth-dependent characteristics of all the PSFs
are examined.

The numerical analysis of the PSF for both the excitation/detection subsystems and
the overall CLSM structure reveals that the microscopy system’s performance is highly
sensitive to the depth of the nanoparticles and the presence of surrounding structures.
Factors such as the spot size, intensity in iPSF, and image contrast are all influenced by
the planar reflective substrate. Experimental work involving Au nanoparticles positioned
above an ITO substrate confirms the substrate’s significant role in affecting the imaging
properties by introducing an interference effect between the background and signal fields.
This interference effect is shown to enhance the system’s capability to resolve densely
packed nanoparticles even with deep subwavelength gaps as small as 20 nm between them
compared to configurations lacking such an effect. Moreover, the VEM approach further
enhances lateral spatial resolution beyond what is achievable with standard CLSM.

The findings suggest that the principles and techniques introduced in this study could
facilitate the resolution of nanostructures that are closely spaced, surpassing the limitations
of traditional microscopy which typically requires nanoparticles or single molecules to
be sparsely distributed. In super-resolution microscopy techniques such as Stochastic
Optical Reconstruction Microscopy (STORM) and Photoactivated Localization Microscopy
(PALM), it is challenging to simultaneously resolve multiple fluorescent molecules within
a subdiffraction limit area. This is because the responding spot for a single molecule is
restricted to the diffraction limit, preventing precise localization. If the interferometric
scattering super-resolution method is introduced, the imaging efficiency of STORM and
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PALM may be significantly enhanced, which can reduce the need for frequent activation
and extinction processes, allowing for more accurate localization of molecules with deep
subwavelength precision. Additionally, the use of inverse imaging restoration techniques
could allow the determination of not only topological structures but also the complex
field distribution within nanostructures, offering deeper insights into their characteristics.
While the method continues to struggle with resolving nanoparticles placed directly next
to each other without any gap, further enhancements such as deconvolution or machine
learning-based post-processing methods could potentially help overcome this issue.
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