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Abstract: This study sought to explain the physical phenomenon that eludes the constraints of
the Rayleigh criterion in the microstructure observation method using speckle interferometry, for
which super-resolution has been experimentally proven; the study was conducted using computer
simulations. Separating the light from two light sources in close proximity, which exceeded the
Rayleigh criterion under incoherent light, was believed to be impossible. The simulation results,
however, showed that when coherent light is used, the separation of two close points is not necessarily
impossible if the light phases between the two points are different. Furthermore, the resolution
of microstructure observation techniques based on speckle interferometry was discussed. A new
interpretation of the Rayleigh criterion in super-resolution techniques based on speckle interferometry
was reported.

Keywords: Rayleigh criterion; super-resolution; coherent light source; speckle interferometry;

computer simulation

1. Introduction

Super-resolution technology is an important observational technique that supports
advances in biotechnology. When super-resolution technology is viewed from a broad
viewpoint, it can be broadly divided into two categories: optical subjects that must be con-
sidered when collecting images of micro-objects that exceed the diffraction limit of the lens
and subjects that must be considered when processing the collected images. The previous
category is based on the Rayleigh criterion in observation optics, Abbe’s theory of image
formation, etc. [1,2]. The second category can be considered image processing techniques,
such as the Lucy—Richardson method [3,4], which processes the collected images.

In these categories, this study discusses the problems of super-resolution, which has
already been reported as a technique for observing microstructures beyond the diffraction
limit, based on speckle interferometry.

Traditionally, microstructural observations have been performed using optical mi-
croscopy. However, it is widely acknowledged that optical microscopy cannot observe
microstructures that exceed the diffraction limit of observation optics, as indicated by the
Rayleigh criterion [1,2].

Several techniques have been proposed to avoid the Rayleigh criterion in order to
achieve super-resolution. For example, in biotechnology, fluorescent proteins have recently
been used to observe microstructures [5-15]. Specifically, new techniques, such as pho-
toactivated localisation microscopy (PALM) and stimulated emission depletion (STED),
have been developed to facilitate new biotechnological research. In addition, imaging of
nanoscale objects has been achieved by bringing dielectric microspheres into contact with
the subject [16,17]. Furthermore, new nanoscale observation techniques have been reported,
such as superlens imaging [18] of objects several nanometres in size has been attempted.

Although image acquisition beyond the Rayleigh criterion is considered impossible in
optical microscopy, if it were possible, it would be conceivable to capture moving images for
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extended periods as well as high-speed photographs of dynamically active living organisms
in two dimensions. If such techniques can be developed, image-capturing techniques using
optical microscopy will become an attractive technology to support developments in bio-
research. Therefore, the development of such technology is eagerly awaited.

Recently, a technique for observing the shape of microstructures beyond the diffraction
limit, which analyses the phase of light based on speckle interferometry [19-21], has been
reported [22-26]. This new observation technique achieves super-resolution by detecting
the phase distribution of light from the observed object, instead of processing only informa-
tion from images captured as a light intensity distribution, as in conventional techniques.
Super-resolution is obtained by analysing the information from the viewed object as a
phase distribution of light using the speckle interferometry method.

In this method, based on Abbe’s image theory [27], scattered light with many ray
vectors is used as illumination light to increase the number of rays passing through the lens
aperture. The phase change at the confocal on the imaging element on the surface under
test is reconstructed in the computer as a two-dimensional phase distribution, and the
surface shape of the object under test is observed as a three-dimensional shape distribution.

However, this technique based on speckle interferometry has been able to achieve,
albeit experimentally, observations that exceed the Rayleigh criterion, which for many years
was thought to be unreachable. However, there is no clear explanation as to what kind of
physical phenomena enable this observation technique to exceed the Rayleigh criterion.

In this study, physical phenomena that elude the constraints of the Rayleigh criterion
in microstructure observation methods using speckle interferometry were explained with
computer simulations using COMSOL Multiphysics [25], which is capable of electromag-
netic field simulation analysis.

This study clarifies that the Rayleigh criterion [2], which is based on the analysis of the
intensity distribution of light assuming traditional incoherent light, must take into account
the phase variation between nearby light sources when dealing with coherent light.

2. Materials and Methods
2.1. Techniques for Observing Microstructures beyond the Diffraction Limit Based on Speckle
Interferometry

In the light of the microstructure observation technique used in this study, for example,
it is assumed that the cross section of the measured object shown in Figure 1a can be defined
as f(x).

Based on this assumption, when a lateral shift 5x is given to the measurement object,
as shown in Figure 1b, the shape displacement occurring at each measurement point can be
defined as f(x) — f(x + 5x) from the speckle interferometric measurement method presented
in a previous report [22]. The displacement of the shape is then accurately measured using
speckle interferometry, and the pseudo-differential value {f(x) — f(x + 5x)}/dx in the shift
direction with respect to the shape is obtained by dividing the detected displacement by the
lateral shift value. Furthermore, the shape of the measurement object can be reconstructed
by integrating pseudo-differential values.

In the calculation process, the phase distribution obtained by integration is aligned
in two dimensions based on the relationship between the positions of each confocal point
(P’c) at each measurement point (Pc), as shown in Figure 1c, resulting in the reconstruction
of a three-dimensional shape f(x).

If the Rayleigh criterion is exceeded at nearby measurement points, the microstruc-
ture cannot be observed according to the traditional idea. However, super-resolution
has been experimentally performed using this method based on speckle interferometry
under beyond the diffraction limit. Simulations were performed in this study to answer
this question.
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Figure 1. Principle of the measurement system. (a) Section of the measured object at the original

position. (b) Section of the measured object at the shifted position. (c) Detection of two-dimensional
phase distribution using the perfect optical system.

2.2. Simulation Model

As shown in a previous report [26], a speckle interferometer was constructed using a
laser source with a wavelength of 532 nm, an objective lens (Mitutoyo M Plan Apo 200 x)
with a magnification of 200 x, and an aperture (NA) of 0.62.

In speckle interferometry, only two speckle patterns are captured before and after
the lateral shift of the measured object. Super-resolution images can be produced at a
resolution of several tens of nanometers [23,24] using the speckle patterns.

However, it is extremely difficult to remove disturbances completely, such as the
effects of stray light on the actual optical system, to confirm the principle of this method, as
attempted in this study. In addition, it is difficult to discuss physical phenomena in detail
owing to the limitations of measurement accuracy and the experimental environment.

This study investigates how electromagnetic simulation software (COMSOL Multi-
physics) [25] can be used to observe microstructures beyond the diffraction limit.

The computer simulation model used in the study is shown in Figure 2a.

2
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Light position 70.0 84.5 have the same phase
....................... ‘15 oo I Flat surface
Light source n=1.0 O(L 2 p=10 i | 4
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H by different phases
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y @ The shape of the object is
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Figure 2. Computer simulation model. (a) Optical system. (b) Measured object.

In experimental optics, a reflective diffraction grating made of glass and a microstruc-
ture drawn on a silicon wafer using an EB lithography machine were used as the measured
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objects. The light reflected from the measured object [22-26] was analysed. The simulation
described in a previous paper [25] set up a sinusoidal shape on the glass surface as the
measurement object model. However, because this study is concerned with the Rayleigh
criterion, the measurement objects were further simplified.

In other words, when a flat plane is the measurement object, as shown in Figure 2b,
spherical wave light sources with the same phase are assumed to be lined up on the
same surface.

When a surface with protrusions or steps is the object to be measured, the spherical
wave light sources are arranged with the phase given according to the shape of the object
by setting the wavelength of the light source to 27t rad so that it corresponds to the height
of the protrusions.

In this way, the measurement object is set up, with the projection shape expressed as a
phase distribution.

In the simulation model shown in Figure 2a, the mesh size was set to 1/12 of the
wavelength, which was confirmed to have no effect on the calculation results even if the
mesh size was not chopped any finer, in order to set conditions where the mesh size does
not affect the calculation results as much as possible, while considering the load on the
computer memory. As a result, it was confirmed that even when the mesh size was set to
1/12 of the wavelength, the difference in calculation results did not change more than 1%
from the results with a mesh size of 1/20. In addition, the arrangement of light sources
as measurement objects was also set with 0.4 nm as the minimum unit interval, while
considering the load on the computer’s memory. To effectively use the limited memory
available, the parallel side walls and the right-side wall of the computational domain
were defined as perfectly matched layers (PMLs). The simulation model was designed to
minimise the load on the memory capacity by defining the computational domain with the
minimum possible memory size (2 TB), as in a previous study [25].

The light sources used in the simulations were plane-wave and spherical-wave light
sources defined by Equations (1) and (2), which are derived from Maxwell’s equation [2]

Ep = Va x exp{i(2py/A + ¢)} (1)

exp{i(Zp/?x«/x2 +y2+ d))}

In this study, the spherical wave source was used as the model for the scattered light
used in speckle interferometry. In the light source model, Va is the electromagnetic field in-
tensity, A is the wavelength, and ¢ is the initial phase of light from the source. As described
before, the phase distribution was used to set the shape of the measurement object.

The simulation model assumed the objective used is a thin biconvex lens; the refractive
indices of air and the lens were defined as 1.0 and 1.5, respectively. Furthermore, as shown
in Figure 3a, the focal length (f = 37.8 um) was specified by determining the lens focal
point as the point where the highest electromagnetic field intensity is focused by the lens
when plane waves as collimated light are irradiated from the left wall surface to the lens.
Furthermore, when the spherical wave source (Pd) is positioned on the optical axis of the
left wall surface, as shown in Figure 3b, and the lens is positioned at a distance from the
left wall surface by the focal length of the lens defined in Figure 3a, the electromagnetic
field intensity after passing through the lens is confirmed to be collimated light.

From these results, the focal length f of this optical system was confirmed to be 37.8 pm.
In general, the lens used here is designed with a glass with a refractive index of 1.5 by
means of arcs with a radius of 40 um. Since both convex surfaces of the lens are formed
by arcs of radius 40 pm, the focal length can be obtained as 40 pum if the thickness of the
lens is sufficiently thin [1,2]. However, since the thickness of the lens is not necessarily
thin enough, 5.83 um in relation to the lens diameter, the focal length in this study was
determined using the procedure shown in Figure 3. As a result, the NA of the objective lens

Es = Va x

2
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could be estimated as 0.37 [= 1 x sin (tan~! (15/37.8))]. The diffraction limit as a Rayleigh
criterion could then be obtained as 877 nm (=0.61 x A/NA = 0.61 x 532/0.37).

%1073
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Parallel plane wave =378 0

(a)
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Lens position

Light source position Parallel plane wave
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Figure 3. Focus length of the optical model. (a) Checking the focal point in the case of collimated
light incidence. (b) Confirmation of collimated light at the focal point light source.

To further investigate the characteristics of the optical system, as shown in Figure 4, a
spherical wave light source Pd (wavelength 532 nm) shown in Figure 3b was placed on the
optical axis on the left wall of the optical system, and the focal length of the lens was set to
37.8 um, as calculated in Figure 3.

Xl Spherical light source Lens Focus point

(a)

A
Image plane

Pe

Intensity [-]

FWHM:1.93um

o & =I5 15
—15 0 15
X [um] © X [um]
(b)

Figure 4. Optical system check when a light source is set on the light axis. (a) Electromagnetic field
simulation result. (b) Intensity distribution in section A-A. (c) Phase distribution in section A-A.

The distance a between the lens and the light source and the distance b; between the
lens and the point Pe where the electromagnetic field intensity is the highest near the image
formation position after passing through the lens were examined based on the Gaussian
lens formula [1,2].

In this study, the distance bs; between the lens and the point Pe where the electromag-
netic field intensity is the highest near the image formation position after passing through
the lens was compared with the distance b, obtained based on the lens formula. The results
calculated using the values of the distance a to the light source and the focal length f of the
lens yielded the values as b, shown in Table 1.
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Table 1. Factors of the optical system (um).

a f b, (Calculation)  bs (Simulation) b.—bs

60 37.8 102.2 105.8 —3.6
70 37.8 82.2 84.5 —-2.3
80 37.8 71.7 74.7 -3

Comparing the value calculated based on the lens formula [1,2] with the distance
between the point of highest intensity in the electromagnetic field intensity distribution
obtained with computer simulation and the distance to the lens (bs), it was confirmed
that the values of b. and bs are approximately similar when 4 is set to 60, 70, or 80 um,
considering the thickness of the lens. Based on these results, the computer simulation model
set up in this study is considered to reproduce the actual optical system. Based on the
results of the study, a focal length of 37.8 pm was used in the following simulation model.
Furthermore, by setting the distance between the measurement object and the lens to
70 um, the simulation was conducted using the b; (84.5 um) values in Table 1 for the image
formation position of the illumination light source. In this case, the lens magnification was
1.2x. Since this is a computer simulation, the phase distribution can be easily calculated
using not only the intensity distribution of the light but also the real and imaginary parts
of the intensity distribution.

In this case, the intensity distribution on the image plane (A-A in Figure 4a) is shown
in Figure 4b and the phase distribution in Figure 4c.

On the imaging plane, an intensity distribution symmetrical in the x direction (Figure 4b)
with a peak (Pe) on the optical axis can be confirmed. However, the phase distribution is
obtained in the range of —7r to 7t rad, since the calculation result as a simulation result is
not phase-unwrapped as an inverse tangent function of the ratio of the real and imaginary
parts of the intensity distribution. It can be confirmed that the phase is 0 rad at point Pe on
the imaging plane, which is considered confocal for a spherical light wave source with an
initial phase of 0 rad.

Using this computer simulation model that identifies the fundamental properties of
the optical system, this study examines the physical effects of the Rayleigh criterion on the
measurement results in a super-resolution technique based on speckle interferometry.

3. Results and Discussion

3.1. Consideration of Rayleigh Criterion in Super-Resolution Technology Based on Speckle
Interferometry by Stmulation

3.1.1. Consideration of the Case Where the Two Light Sources do Not Exceed the
Rayleigh Criterion

The spherical wave light source located on the optical axis on the left wall of the model
shown in Figure 4a was newly replaced on the left wall as a spherical wave light source
symmetrical to the optical axis separated by 2 um across the optical axis with the same
phase. The electromagnetic field intensity distribution when light is emitted from the two
light sources is shown in Figure 5a. The intensity and phase distributions on the imaging
plane in this case are shown in Figure 5b,c.

The distance between the light sources was 2 pm, and the diffraction limit of the optics
was 877 nm, which means that the two light sources are set at positions that do not exceed
the Rayleigh criterion. As a result, spherical wave beams from two points 2 pm apart
interfere, and Young’s fringes [1,2] are formed in the intensity distribution, as is generally
well known. In the B-B section of the imaging plane, as shown in Figure 5b, although
the intensity distributions are not completely separated, the two peaks can be observed
because they do not exceed the Rayleigh criterion. It can also be clearly observed that the
zeroth-order and +first-order light of the Young’s fringes pass through the lens aperture
and are focused at the image formation plane. The phase distribution on the imaging plane
in this case is shown in Figure 5c.
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Image plane

[T |
Spherical light sources Lens

Figure 5. Simulated results when two light sources are set further than the Rayleigh criterion.
(a) Electromagnetic field simulation result. (b) Intensity distribution in section B-B. (c) Phase distri-
bution in section B-B.

When looking at the nearby optical axis in Figure 5c, the phase difference between
the two light sources at x = —1.2 and x = 1.2 as the confocal where the light sources are set
up was 0 rad, because the initial phases of the two spherical wave light sources set up in
Figure 5a were both 0 rad.

That is, light from two spherical wave light sources with the same phase set at a
distance that does not exceed the Rayleigh criterion can be considered not only as two light
sources in terms of the intensity distribution on the image plane but also as the same phase
in terms of phase distribution. This means that when considering the Rayleigh criterion in
super-resolution technology based on speckle interferometry using coherent light as a light
source, it is necessary not only to discuss the intensity distribution but also to investigate
the phase distribution in detail, which has not been sufficiently investigated in the past.

3.1.2. Consideration of the Case where Light Sources Are Located at a Proximity Distance
Exceeding the Rayleigh Criterion

Next, the case when the Rayleigh criterion in the earlier section is not exceeded
occurred, and the distance between two spherical wave sources decreased from 2 pum
specified in Figure 5 to 0.5 pm, as illustrated in Figure 6a.

Two spherical light sources

Image plane

Phase difference between
two points is 0 rad

~15 0
(b)

Figure 6. Simulated results when two light sources are set closer than the Rayleigh criterion.
(a) Electromagnetic field simulation result. (b) Intensity distribution in section C-C. (c) Phase distri-
bution in section C-C.
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Figure 6a shows that as the distance between the two light sources becomes closer, the
+first-order light of the Young’s fringes spreads out greatly to the left and right, clearly
not passing through the lens aperture, and only the zeroth-order light passes through the
lens and is focused at the image formation position. As a result, the intensity distribution
on the imaging plane when emitting light from two points simultaneously, as shown in
Figure 6b, cannot be observed as two separate light sources, even though the light was
emitted separately from each of the two points. Instead, it is observed as a single peak with
a maximum value near the centre between the peaks of the separately emitted lights. That
is, the well-known phenomenon based on the Rayleigh criterion can be observed [1,2].

In this case, since the initial phase of the light source placed as a spherical wave source
was set at the same value as 0 rad for both light sources, the phase difference of the observed
light was 0 rad at the two points x = —0.3 and x = 0.3 close to the nearby axis surrounded
by the red dashed line, as shown in Figure 6¢.

It is considered that the phase difference corresponding to the initial phase of the
two light sources is detected between the confocal points of the two light sources installed
as the measurement object, as shown in Figure 5, on the image formation plane of the
two light sources placed at a distance closer than the Rayleigh criterion. This means that
when the diffraction limit based on the Rayleigh criterion is exceeded, the phase of the two
light sources can be detected as the phase difference between the two points, although the
intensity distribution can only be confirmed as a single point due to diffraction phenomena.

Thus, it can be understood that according to the traditional Rayleigh-criterion-based
approach, imaging the shape of a measured object structure is a process based on intensity
distribution, and therefore, due to phenomena caused by diffraction, it is not possible to
observe microstructures beyond the diffraction limit using imaging techniques.

However, by treating the phase distribution and especially the phase difference be-
tween two light sources, it is possible to analyse the phase of light from each point, even
if they are two points in close proximity, and there is a possibility that the shape of the
measurement object can be reconstructed.

3.1.3. Consideration of Different Initial Phases of Light Sources Located at Close Proximity
Distances Exceeding the Rayleigh Criterion

The difference between the experimental conditions based on super-resolution technol-
ogy based on speckle interferometry and the simulation conditions when dealing with light
from light sources of the same phase, as described in the previous section, is discussed next.

In the super-resolution technique based on speckle interferometry, when observing
a microstructure, reflected light with a different phase is reflected from each point on the
surface of the measured object, depending on the shape of the microstructure, and this
reflected light is analysed.

However, the simulation in the previous section differs in that the light sources in
close proximity have the same phase.

In this study, it was considered that the reflected light with different phases plays an
important role in realising high resolution beyond the Rayleigh criterion in super-resolution
technology based on the speckle interferometry technique.

Therefore, different from Figure 6, the initial phases of the two light sources were set
as 0 rad and 7t rad, and the phase on the image formation plane was examined next when
the distance between two points was set at 0.5 um, as in Figure 6. The results are shown
in Figure 7.

Comparing the electromagnetic field intensity distribution in Figure 7a with the result
in Figure 6a, it can be seen that the phase of the intensity distribution reversed and the
intensity of light near the optical axis weakened.

It can also be seen that the intensity of light in the diagonal directions, where the
existence of intensity could not be observed in Figure 6a, became stronger. Since the
initial phase differs by 7 rad between the two light sources, it is a natural result that the
zeroth-order and =first-order phases of Young’s fringes in Figure 6a change by 7 rad.
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As a result, light with strong intensity in the space between the zeroth- and tfirst-order
light in Figure 6a is considered to be generated, as shown in Figure 7a. In short, it can be
understood that the separation of the two image points is due to destructive interference
between the two images, as already suggested by microsphere-assisted microcopy [16,17].

Two spherical light sources

with different phase Image plane
Lens

X [um] —
(b) o a3
Figure 7. Simulated results when two light sources whose initial phases are different as 7t rad are set
closer (0.5 um) than the Rayleigh criterion. (a) Electromagnetic field simulation result. (b) Intensity
distribution in section D-D. (c) Phase distribution in section D-D.

With this change in the direction of light, there is light that passes through the lens
aperture, which did not exist in the in-phase case. This is thought to be the phenomenon
of two bright spots on the image formation plane. In this case, when the light in this new
direction is observed as an intensity distribution on the imaging plane, two intensity peaks
can be observed near the optical axis, as shown in Figure 7b. Detailed observation of this
phenomenon in Figure 7a shows that light emitted from the two points forms interference
fringes known as Young’s fringes and that the phase of the fringes is inverted and divided
into two directions (upper and lower). Next, a part of the light from each of the two
directions passes through the lens and reaches the image plane, forming two peaks as the
intensity distribution. That is, Figure 7a,b confirms that there are two light points at the
observation point on the image formation plane.

Furthermore, when observing the nearby optical axis of the phase distribution in
Figure 7c in detail, the phase difference at the position of each white circle at x = —0.3 and
x = 0.3, the confocal point of the two spherical wave light sources changed by 7 rad.

When the phase between the two light sources on the left wall differs by 7 rad, it can
be confirmed that even if the two light sources are located beyond the Rayleigh criterion,
the phase difference at the confocal point corresponding to the position of each light source
set as the measurement object in the observed phase distribution differs by 7 rad. This
means that even if the distance between two light sources exceeds the Rayleigh criterion,
the phase difference between the light sources set up as light sources is preserved at the
observation point.

This phenomenon suggests that the shape of an object can be measured beyond
the diffraction limit as a phase distribution by detecting the phase at each point of the
object with high resolution in super-resolution technology based on speckle interferometry
technology. It can then be understood that for a phase distribution to exist, the existence of
a geometrical unevenness distribution on the measured surface is required.

3.2. Experimental Verification of a Phenomenon Obtained in Simulation Results That Occurs Based
on a Phase Change between Two Light Sources Located beyond the Diffraction Limit

In the simulation, it was shown that when the phases of two light sources in close
proximity beyond the diffraction limit are different, the existence of the two light sources
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can be confirmed by detecting the phase difference between the two light sources if the
light is coherent. In other words, if two light sources are based on the diffraction limit,
which was thought to be impossible to confirm the existence of two points that exist beyond
the Rayleigh criterion, based on the simulation results, the separation of the existence of
two light sources beyond the diffraction limit is considered possible by detecting the phase
difference between the two points with high resolution. Therefore, it was experimentally
verified whether the phenomena based on the simulation results could occur in reality
using a real optical model that was simplified as much as possible.

In the optical system used in the experiment, the diffracted image shown in Figure 8a
with a circular aperture, formed by a laser light source with a source wavelength of 532
nm, was used as the diffracted image model [2] when the light source was observed using
a circular lens. Two diffraction image models were prepared with light emitted from the
same laser and with no phase difference between the two diffraction image models, and
the two models were superimposed so that they overlapped from the left and right.

disk

(a) (b) (c)

Figure 8. Overlap of diffracted lights with phase information. (a) Diffracted light source model.
(b) Overlap of two light sources with phase difference 0 rad. (c) Overlap of two light sources with
phase difference 7t rad.

In this case, if the overlap exceeds the Airy disk, the light source is considered only
one light point. The general situation regarding diffraction limits based on the well-known
Rayleigh criterion [2] arises. Furthermore, when the two lights are superimposed so that
they gradually coincide spatially, the interior of the Airy disk is observed as a single
bright light source because the phases of the two lights are originally equal, as shown in
Figure 8b. This is also a well-known phenomenon that generally occurs when dealing with
the Rayleigh criterion [2].

In this case, the E-E section of the intensity distribution in Figure 8b is shown in
Figure 9a. It can be observed that the entire inner surface of the Airy disk is brightened.

_|E, E, _|F, F,
o =
z :
5 5
RS NS

Position Poéition |
(a) (b)

Figure 9. Section of intensity. (a) Two light sources with phase difference 0 rad. (b) Two light sources
with phase difference 7 rad.

Next, the phase difference between the two overlapping lights was changed to 7 rad
by changing the optical path length of one of the lights. It could be confirmed that the bright
state inside the Airy disk, as shown in Figure 8b, changes to a dark state at the centre of the
light, as shown in Figure 8c. In this case, the intensity distribution in the F-F cross section of
Figure 8c is shown in Figure 9b. Clearly, the central area becomes darker and the peripheral
area becomes brighter, just as in Figure 7b, which was observed in the simulation.

Thus, if the two light sources in close proximity beyond the Rayleigh criterion are
coherent and the phases of the two light sources are different, experimental results confirm
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that the two light sources can be separated by detecting the phase difference between the
two points on the image formation plane, as in the simulation results.

3.3. Influence on the Detection Phase of two Coherent Light Sources with Different Phases as the
Distance between them Changes

As shown in this study, it was found that even two light sources exceeding the Rayleigh
criterion can be observed as two points using phase analysis of coherent light.

In Figure 7, two light sources 0.5 um apart were observed. Therefore, the next case in
which the two light sources are even closer to each other was discussed.

The results for the case where the distance between the two light sources is 0.25 pym
are shown in Figure 10. Figure 10a—c shows the results when the two light sources have
the same phase (0 rad). Similar to the results shown in Figure 6, the two light sources
placed beyond the diffraction limit cannot be separated. In the intensity distribution in
Figure 10b, two light sources cannot be considered as two light sources. However, in
the phase distribution in Figure 10c, it can be clearly confirmed that the phase difference
between the two light sources is 0, as shown by the red dashed line.
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Figure 10. Simulated results with two light sources in close proximity to 0.25 pm, exceeding the
Rayleigh criterion when the initial phases of the two light sources are in the same phase and differ by
rad. (a) Electromagnetic simulation results for the same phase. (b) Intensity distribution for the same
phase in section G-G. (c) Phase distribution for the same phase in section G-G. (d) Electromagnetic
field simulation results differ by m rad. (e) Intensity distributions differ by m rad in section H-H.
(f) Phase distributions differ by 7 rad in section H-H.

In contrast, in Figure 10d—f, where the phase difference between the two light sources
changes to m rad, two peaks can be observed in the intensity distribution in Figure 10e.

Furthermore, in the phase distribution in Figure 10f, it can be confirmed that the phase
difference between the two points changes by 7t rad at the confocal point where the light
source is located.

These results show that in an optical system with a diffraction limit of 877 nm, if two
light sources 250 nm apart are coherent light sources and their phases are detected, it is
possible to observe them as two light sources beyond the diffraction limit.

Furthermore, how an observation becomes possible when two light sources are in
close proximity was investigated using simulation.
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First, the light source wavelength was 532 nm, and the phase difference between the
two light sources was set as 7w rad when the distance between the two light sources varied
from 0.01 to 0.5 times the light source wavelength (A).

In Figure 11, the horizontal axis is the distance between the two light sources (w) and
is given as a multiple of the wavelength A. The vertical axis is the detected phase difference
between the two light sources.
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Figure 11. Relationship between the distance of light sources and the detected phase.

In the result for the wavelength of 532 nm indicated by the black circle (o), it can be
observed that the phase of two light sources in close proximity can be detected as 7t rad,
which is set as the phase difference, up to about 0.2 A (actual length: about 100 nm). Next,
as the distance becomes closer than 100 nm (0.2 A), the phase difference gradually becomes
increasingly smaller, and even if the phase difference is set as 7t rad, it can no longer be
detected as 7 rad.

However, even if it is no longer possible to accurately detect dimensions related to the
shape of the object, it is still possible to observe the approximate shape of the measured
object. For example, in the experimental results of a previous report [26], although the
groove depth of a 100-nm-wide groove could be detected almost accurately when observing
a 100-nm-wide groove, the groove depth of a 60-nm-wide groove could not be accurately
detected as the actual groove depth, although it could be captured as a groove.

Thus, in the observation of microstructures using speckle interferometry, there are
several measurement limits in the experimental measurement process, such as the range
where dimensions can be accurately measured (e.g., Region-A in Figure 11), the range where
dimensions cannot be accurately measured but shapes can be captured (e.g., Region-B in
Figure 11), and the range where the state of the measurement is not yet clearly understood
(e.g., Region-C in Figure 11).

It is thought that there are several levels of measurement limits.

Therefore, it is necessary to investigate in detail the regions below 0.2 A in Figure 11
(Region-B and Region-C in Figure 11) in the future. Furthermore, based on the results of
this study, it is also necessary to discuss the causes of why such regions occur. Based on the
results of these further investigations, the measurement limits of this method should be
considered in more detail.

In this study, simulations were performed on the basis of the experimental results
already reported. As a result, the wavelength was considered 532 nm. However, as a general
concept in optical measurement, it is important to know how a change in wavelength affects
the measurement results. Therefore, next, a simulation was performed to see how a light
source with a different wavelength, as well as 532 nm, affected the measurement results.
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For the light source wavelength, it was decided to consider visible light lasers, which
are commonly used for measurements. The case of a long wavelength of 630 nm, modelled
after a He-Ne laser (wavelength: 632.8 nm), is indicated by a white circle (O) in Figure 11.

The results are also shown in Figure 11 as double white circles (O) for the case of the
325 nm wavelength modelled after the shorter wavelengths of He-Cd lasers (wavelengths:
325 nm and 442 nm).

For different light source wavelengths in Figure 11, it can be found that the phase
difference between the two light sources can be accurately detected up to approximately
one-fifth of the wavelength (0.2 A), regardless of the wavelength. This indicates that even
when the diffraction limit is exceeded, observation of finer structures becomes possible as
the light source wavelength becomes shorter.

These results show that in the observation technique for structures with geometries
beyond the diffraction limit using speckle interferometry, the phase difference between two
nearby light sources is preserved during detection, even between two points beyond the
diffraction limit, when coherent light is used.

By using this phenomenon, it is thought that super-resolution beyond the Rayleigh
limit, which has been thought to be undetectable using the conventional Rayleigh criterion
based on incoherent light, is realised by detecting the phase difference at each position in
the microstructure observation technique based on speckle interferometry technology.

The discussion in this study also focused on super-resolution technology during image
sampling, particularly for optical observation of microstructures. However, the sensing
technology obtained in this study, which reveals the possibility of realising super-resolution
based on phase manipulation of light waves with coherent properties, could also be applied
to other sensing fields using electromagnetic waves, such as radar sensor technology [28].

In the future, the results of this research may lead to the use of phase manipula-
tion technology in sensing related to super-resolution using electromagnetic waves with
coherent properties, not only in the field of optics, but also in a wide range of other fields.

4. Conclusions

In this study, a physical explanation for the super-resolution phenomenon in a new
microstructure observation technique using speckle interferometry [22], in which the
realisation of super-resolution has been experimentally confirmed, was discussed. In
this explanation, a computer simulation was used to investigate why the observation
of microstructures exceeding the Rayleigh criterion, which had long been considered
unexceedable, could be realised.

The simulation results show that when coherent light is used as a light source and the
phase difference between two light sources is different, the phase difference is preserved at
the image formation position at the time of detection, even if the two light sources are close
to each other beyond the Rayleigh criterion.

By using this physical phenomenon, it was shown that light from two points in
proximity exceeding the Rayleigh criterion can be detected as light from two points in
proximity exceeding the Rayleigh criterion by capturing the phase distribution, although
it was previously thought that light from two points in proximity exceeding the Rayleigh
criterion cannot be separated on the basis of incoherent light.

Furthermore, regarding the measurement limit of super-resolution technology based
on the speckle interferometry technique, the simulation model used in this study clarified
that the phase difference between two light sources can be accurately detected up to a
distance as close as about 20% of the light source wavelength. In the discussion that led
to this conclusion, it became clear that this super-resolution technology has three types of
measurement limits: (1) the range where dimensions can be accurately measured, (2) the
range where dimensions cannot be accurately measured but shapes can be captured, and
(3) the range where it is difficult to accurately measure differences in the object’s steps, etc.
In addition, it was confirmed that the discussion of these measurement limits is consistent
with the results of the previous experiments.



Photonics 2023, 10, 374 14 of 15

Author Contributions: Conceptualization, Y.A.; methodology, Y.A.; software, Y.A. and T.C.; valida-
tion, Y.A.; formal analysis, Y.A and T.C.; investigation, Y.A. and T.C.; resources, Y.A.; data curation,
Y.A. and T.C.; writing—original draft preparation, Y.A.; writing—review and editing, Y.A.; supervi-
sion, Y.A.; project administration, Y.A.; funding acquisition, Y.A. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by JSPS KAKENHI (grant number 20H02165).
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank Dahai Mi of Keisoku Engineering System CO., LTD, for
his kind guidance and support in the use of COMSOL Multiphysics.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Born, M.; Wolf, E. Principles of Optics, 7th ed.; Cambridge University Press: Cambridge, UK, 2019; pp. 167-177, 290-292, 370-374.

2. Hecht, E. Optics, 4th ed.; Addison-Wesley Publishing Co.: San Francisco, CA, USA, 2002; pp. 24-31, 149-165, 393—400, 467—474.

3. Lucy, L.B. An Iterative Technique for the Rectification of Observed Distributions. Astron. J. 1974, 79, 745-754. [CrossRef]

4. Richardson, W.H. Bayesian-based Iterative Method of Image Restoration. J. Opt. Soc. Am. 1972, 62, 55-59. [CrossRef]

5. Garini, Y.; Vermolen, B.].; Young, I.T. From micro to nano: Recent advances in high-resolution microscopy. Curr. Opin. Biotechnol.
2005, 16, 3-12. [CrossRef]

6. Neice, A. Chapter 3—Methods and Limitations of Subwavelength Imaging. In Advances in Imaging and Electron Physics; Elsevier:
Amsterdam, The Netherlands, 2010; Volume 163, pp. 117-140. [CrossRef]

7. Haeberle, O.; Belkebir, K.; Giovaninni, H.; Sentenac, A. Tomographic Diffractive Micros-copy: Basics, Techniques and Per-
spectives. J. Mod. Opt. 2010, 57, 686-699. [CrossRef]

8. Hell, SW.; Wichmann, ]J. Breaking the diffraction resolution limit by stimulated emission: Stimulated-emission-depletion
fluorescence microscopy. Opt. Lett. 1994, 19, 780-782. [CrossRef]

9. Klar, T.A.; Jakobs, S.; Dyba, M.; Egner, A.; Hell, S.W. Fluorescence microscopy with diffraction resolution barrier broken by
stimulated emission. Proc. Natl. Acad. Sci. USA 2000, 97, 8206-8210. [CrossRef]

10. Heilemann, M.; van de Linde, S.; Schiittpelz, M.; Kasper, R.; Seefeldt, B.; Mukherjee, A.; Tinnefeld, P.; Sauer, M. Subdiffraction-
resolution fluorescence imaging with conventional fluorescent probes. Angew. Chem. Int. Ed. Engl. 2008, 47, 6172-6176.
[CrossRef]

11.  Heintzman, R.; Ficz, G. Beaking the resolution limit in light microscopy. Brief. Funct. Genom. Proteom. 2006, 5, 289-301. [CrossRef]

12. Betzig, E.; Patterson, G.H.; Sougrat, R.; Lindwasser, O.W.; Olenych, S.; Bonifacino, ].S.; Davidson, M.W.; Lippincott-Schwartz, J.;
Hess, H.F. Imaging intracellular fluorescent proteins at nanometer resolution. Science 2006, 313, 1642-1645. [CrossRef]

13. Hess, T.S,; Girirajan, PK.T.; Mason, D.M. Ultra-high resolution imaging by fluorescence photoactivation localization microscopy.
Biophys. . 2006, 91, 4258-4272. [CrossRef]

14. Huang, B. Super-resolution optical microscopy: Multiple choices. Curr. Opin. Chem. Biol. 2010, 14, 10-14. [CrossRef] [PubMed]

15. Rust, M.].; Bates, M.; Zhuang, X. Sub-diffraction-limit imaging by stochastic optical re-construction microscopy (STORM). Nat.
Methods 2006, 3, 793-795. [CrossRef] [PubMed]

16. Maslov, A.V.; Astratov, V.N. Imaging of sub-wavelength structures radiating coherently near microspheres. Appl. Phys. Lett. 2016,
108, 051104. [CrossRef]

17.  Kassamakov, I; Lecler, S.; Nolvi, A.; Leong-Hoi, A.; Montgomery, P.; Haeggstrom, E. 3D Super-Resolution Optical Profiling Using
Microsphere Enhanced Mirau Interferometry. Sci. Rep. 2017, 7, 3683. [CrossRef]

18. Pendy, J.B. Negative refraction makes a perfect lens. Phy. Rev. Lett. 2000, 85, 3966-3969. [CrossRef]

19.  Sirohi, R.S. Speckle Metrology; Marcel Dekker: New York, NY, USA, 1993; pp. 99-234.

20. Cloud, G. Optical Methods of Engineering Analysis; Cambridge University Press: New York, NY, USA, 1995; pp. 395-476.

21. Malacara, D. Optical Shop Testing; John Wiley &Sons: New York, NY, USA, 1992; pp. 501-652.

22.  Arai, Y. Three-dimensional shape measurement beyond the diffraction limit of lens. J. Mod. Opt. 2018, 65, 1866-1874. [CrossRef]

23.  Arai, Y. Three-Dimensional shape measurement beyond diffraction limit for measurement of Dynamic Events. In Progress in
Optomechatronic Technologies, Springer Proceedings in Physics; Springer: Singapore, 2019; p. 233. [CrossRef]

24. Arai, Y. Precise wide-range three-dimensional shape measurement method to measure superfine structures based on speckle
interferometry. Opt. Eng. 2020, 59, 014108. [CrossRef]

25. Arai, Y. Consideration of existence of phase information of object shape in zeroth-order diffraction beam using electromagnetic
simulation with aperture in front of object. . Mod. Opt. 2020, 67, 523-530. [CrossRef]

26. Arai, Y. Factors affecting the measurement resolution of super-resolution techniques based on speckle interferometry. J. Mod. Opt.

2022, 69, 897-910. [CrossRef]


http://doi.org/10.1086/111605
http://doi.org/10.1364/JOSA.62.000055
http://doi.org/10.1016/j.copbio.2005.01.003
http://doi.org/10.1016/S1076-5670(10)63003-0
http://doi.org/10.1080/09500340.2010.493622
http://doi.org/10.1364/OL.19.000780
http://doi.org/10.1073/pnas.97.15.8206
http://doi.org/10.1002/anie.200802376
http://doi.org/10.1093/bfgp/ell036
http://doi.org/10.1126/science.1127344
http://doi.org/10.1529/biophysj.106.091116
http://doi.org/10.1016/j.cbpa.2009.10.013
http://www.ncbi.nlm.nih.gov/pubmed/19897404
http://doi.org/10.1038/nmeth929
http://www.ncbi.nlm.nih.gov/pubmed/16896339
http://doi.org/10.1063/1.4941030
http://doi.org/10.1038/s41598-017-03830-6
http://doi.org/10.1103/PhysRevLett.85.3966
http://doi.org/10.1080/09500340.2018.1470266
http://doi.org/10.1007/978-981-32-9632-9_1
http://doi.org/10.1117/1.OE.59.1.014108
http://doi.org/10.1080/09500340.2020.1760383
http://doi.org/10.1080/09500340.2022.2094011

Photonics 2023, 10, 374 15 of 15

27.  Kohler, H. On Abbe’s theory of image formation in the microscope. Opt. Acta 1981, 28, 1691-1701. [CrossRef]
28. Zhang, Y.; Luo, ].; Li, J.; Mao, D.; Zhang, Y.; Huang, Y. Fast Inverse-Scattering Reconstruction for Airborne High-Squint Radar
Imagery Based on Doppler Centroid Compensation. IEEE Trans. Geosci. Remote Sens. 2021, 60, 5205517. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1080/713820514
http://doi.org/10.1109/TGRS.2021.3069499

	Introduction 
	Materials and Methods 
	Techniques for Observing Microstructures beyond the Diffraction Limit Based on Speckle Interferometry 
	Simulation Model 

	Results and Discussion 
	Consideration of Rayleigh Criterion in Super-Resolution Technology Based on Speckle Interferometry by Simulation 
	Consideration of the Case Where the Two Light Sources do Not Exceed the Rayleigh Criterion 
	Consideration of the Case where Light Sources Are Located at a Proximity Distance Exceeding the Rayleigh Criterion 
	Consideration of Different Initial Phases of Light Sources Located at Close Proximity Distances Exceeding the Rayleigh Criterion 

	Experimental Verification of a Phenomenon Obtained in Simulation Results That Occurs Based on a Phase Change between Two Light Sources Located beyond the Diffraction Limit 
	Influence on the Detection Phase of two Coherent Light Sources with Different Phases as the Distance between them Changes 

	Conclusions 
	References

